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ΠΕΡΙΛΗΨΗ 
Ένας μελετητής που σχεδιάζει μία γέφυρα και καλείται να υπολογίσει τα φορτία ανέμου που 
επιδρούν σε αυτή βασίζεται στις διατάξεις του ΕΝ 1991 Μέρος 1-4. Ωστόσο ο κανονισμός 
αυτός έχει αρκετά μεγάλη πολυπλοκότητα, σημαντικούς περιορισμούς ως προς την εφαρμογή 
του καθώς και αρκετές απλουστευτικές μεθοδολογίες. Για παράδειγμα, ο κανονισμός αυτός δεν 
μπορεί να εφαρμοστεί σε περιπτώσεις τοξωτών γεφυρών αλλά και άλλων γεφυρών που είναι 
ιδιαιτέρως ευαίσθητες στα φορτία ανέμου. Είναι σημαντική λοιπόν η ανάλυση των παραμέτρων 
που επηρεάζουν τα φορτία του ανέμου, η κατανόησή τους και η παραμετροποίηση του 
προβλήματος του υπολογισμού των φορτίων αυτών ώστε να διερευνηθεί η επιρροή της κάθε 
παραμέτρου ξεχωριστά αλλά και σε συνδυασμό στην απόκριση μιας κατασκευής. 
Στα πλαίσια της παρούσας διπλωματικής εργασίας γίνεται μία αναλυτική εφαρμογή του ΕΝ 
1991 Μέρος 1-4 σε μία μεταλλική τοξωτή γέφυρα. Η γέφυρα που μελετάται αποτελείται από 
δύο αμφιέρειστα ανοίγματα θεωρητικού μήκους 42.00m το καθένα, τα οποία συνδέονται 
μεταξύ τους με πλάκα συνέχειας. Το θεωρητικό πλάτος του καταστρώματος ισούται με 
14.70m. Το κατάστρωμα της γέφυρας είναι σύμμικτο και το κάθε άνοιγμα αποτελείται από δύο 
κύριες δοκούς και δεκαεφτά διαδοκίδες. Κάθε κύρια δοκός αναρτάται από ένα τόξο με τη 
χρήση αναρτήρων ενώ τα δύο τόξα του κάθε ανοίγματος συνδέονται μεταξύ τους με εγκάρσια 
και διαγώνια μέλη δυσκαμψίας. Το ύψος των τόξων είναι ίσο με 10.00m. Οι δοκοί, οι 
διαδοκίδες, τα τόξα και οι σύνδεσμοι δυσκαμψίας έχουν κατασκευαστεί από δομικό χάλυβα. Το 
μεσόβαθρο αποτελείται από τη δοκό έδρασης και τρεις στύλους κυκλικής συμπαγούς διατομής 
από οπλισμένο σκυρόδεμα και έχει ύψος 10m συμπεριλαμβανομένης της δοκού έδρασης. Τα 
ακρόβαθρα θεωρούνται πολύ δύσκαμπτα σε σχέση με τη γέφυρα και γι’ αυτό θεωρούνται 
ακλόνητα. 
Στην παρούσα εργασία γίνεται μία αναλυτική παρουσίαση και επεξήγηση των παραμέτρων του 
ανέμου και των σχέσεων που προσδιορίζουν τις ταχύτητες, πιέσεις και δυνάμεις λόγω ανέμου 
και επιλέγονται κατάλληλα οι παράμετροι που είναι απαραίτητες για την ανάλυση. Οι 
παράμετροι αυτές αφορούν την ταχύτητα του ανέμου, την τραχύτητα του εδάφους, τη μορφή 
της κοιλάδας, το ύψος του μεσοβάθρου και την επιλογή των διατομών. Επίσης, από τα 
δυναμικά και γεωμετρικά χαρακτηριστικά της γέφυρας προσδιορίζεται και ο συνδυασμένος 
δυναμικός συντελεστής της γέφυρας που προσαυξάνει τα φορτία ανέμου προκειμένου να 
ληφθεί υπόψη το δυναμικά φαινόμενα λόγω του ανέμου. Επίσης, ελέγχεται η απόκριση της 
γέφυρας και η τήρηση όλων των ορίων ασφαλείας που θέτει ο Ευρωκώδικας 1 στο σύνολό του 
για όλα τα στατικά (ίδια βάρη, φορτία κυκλοφορίας, θερμικά φορτία και φορτία ανέμου) και 
δυναμικά (σεισμός) φορτία που δρουν στην γέφυρα. Γενικά παρατηρείται ότι τα μέλη που 
επηρεάζονται περισσότερο από τα στατικά φορτία ανέμου είναι τα τόξα και οι κύριες δοκοί, 
χωρίς ωστόσο να παρατηρείται κάποια υπέρβαση τάσεων. Από τα σεισμικά φορτία 
επηρεάζονται κυρίως το μεσόβαθρο καθώς και οι οριζόντιοι και διαγώνιοι σύνδεσμοι 
δυσκαμψίας. Τέλος, στα πλαίσια της διπλωματικής εργασίας διενεργείται παραμετρική 
ανάλυση, όπου αξιολογούνται οι βασικές παραδοχές και η επιρροή τους στον υπολογισμό των 
φορτίων και των εντατικών μεγεθών των μελών της γέφυρας. Συγκεκριμένα, στην 
παραμετρική ανάλυση διερευνάται η επίδραση της βασικής ταχύτητας του ανέμου στα φορτία 
και την απόκριση της κατασκευής. Επίσης διερευνάται πώς επηρεάζει ο συντελεστής 
τραχύτητας του εδάφους τα αποτελέσματα διενεργώντας αναλύσεις για κάθε κατηγορία 
εδάφους, καθώς και πώς επηρεάζει τα φορτία ο συντελεστής αναγλύφου εδάφους επιλέγοντας 
διαφορετικό ύψος αναφοράς για τη γέφυρα και διαφορετική κλίση της κοιλάδας. Τέλος, γίνεται 
διερεύνηση του συνδυασμένου δυναμικού συντελεστή για τα φορτία ανέμου και της επίδρασης 
των γεωμετρικών και δυναμικών χαρακτηριστικών της γέφυρας στον υπολογισμό του. Από την 
παραμετρική ανάλυση προέκυψε πως η ταχύτητα του ανέμου είναι η βασική παράμετρος που 
επηρεάζει σημαντικά την απόκριση της κατασκευής, ενώ οι υπόλοιπες παράμετροι μεταβάλουν 
κυρίως τα φορτία ανέμου και δευτερευόντως την απόκριση της γέφυρας. Συγκεκριμένα, η 
κατηγορία εδάφους μπορεί να οδηγήσει σε αύξηση έως 55% των φορτίων, ο συντελεστής 
αναγλύφου εδάφου σε αύξηση έως 16% και ο συνδυασμένος δυναμικός συντελεστής μπορεί 
να οδηγήσει ακόμη και σε αύξηση 100%. Ωστόσο, επειδή τα φορτία του ανέμου είναι γενικώς 
μικρά συγκριτικά με τα υπόλοιπα φορτία της γέφυρας οι αυξήσεις αυτές δεν επηρεάζουν 
σημαντικά την συνολική απόκριση της γέφυρας. 
Η διπλωματική αυτή εργασία διεξάγεται στα πλαίσια του ερευνητικού προγράμματος 
EUROSTARS "BridgeCloud" με τίτλο «Αεροδυναμική Ανάλυση βασισμένη σε προσομοίωμα 
γεφυρών μεγάλου ανοίγματος στο HPC Cloud», το οποίο έχει ως στόχο την ανάπτυξη ενός 
εικονικού εργαστηρίου σχεδιασμού για τη μελέτη της αλληλεπίδρασης ανέμου-γέφυρας με ημι-
αυτόματη προσομοίωση με τεχνολογία ΒΙΜ που περιλαμβάνει δημιουργία πλέγματος, 
αριθμητική ανάλυση της αλληλεπίδρασης ανέμου-γέφυρας και τεχνολογία cloud computing, 
παρέχοντας έτσι μία εύκολη στη χρήση, εκλεπτυσμένη λύση για τον σχεδιασμό γεφυρών από 
ΜΜΕ. 
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ABSTRACT 
The calculation of wind loads for the structural design of a bridge is based on the provisions of 
EN 1991 Part 1-4.. However, this code is quite complex in its application, has significant 
limitations as well as several simplifications. For example, this code cannot be applied in cases 
of arch bridges and other bridges that are particularly sensitive to wind loads. It is thus 
important to analyze the parameters affecting the wind loads and to understand and 
parameterize the problem of the calculation of these loads in order to investigate the influence 
of each parameter separately as well as in combination with each other. 
Part of this thesis is an analytical application of EN 1991 Part 1-4 in a steel arch bridge. The 
bridge consists of two simply supported spans with theoretical length equal to 42.00m, each. 
The connection between the two spans is realized by a continuous reinforced concrete slab. 
The theoretical width of the deck is equal to 14.70m. The composite deck consists of two main 
beams and seventeen transverse beams. Each main beam is suspended by one arch with the 
use of hangers. The two arches of each span are interconnected with horizontal and diagonal 
bracing members. The height of the arches is equal to 10.00m. The main and transverse 
beams, the arches and the bracing members are made of structural steel. The pier consists of 
three circular reinforced concrete columns, which are connected at the top with a concrete 
beam. The abutments are considered as rigid due to their significant stiffness. 
In the present thesis, the wind parameters which determine the wind velocity, wind pressure 
and wind forces are presented in detail and explained. The necessary parameters for the 
analysis are properly chosen. These parameters include the wind velocity, the terrain 
roughness, the shape of the valley, the height of the pier and the structures’ cross sections. 
The dynamic and geometric characteristics of the bridge are determined and the structural 
factor of the bridge regarding wind loads is calculated. The response of the bridge and all 
safety limits set by Eurocode 1 for all static (self weight, permanent loads, traffic loads, 
thermal loads and wind loads) and dynamic (seismic) loads acting on the bridge are 
investigated. It is generally observed that the members most affected by static wind loads are 
the arches and main beams. Nevertheless, their stresses do not exceed the permissible ones. 
Seismic loads mainly affect the pier and the transverse and diagonal bracings. 
Finally, a parametric analysis is conducted in order to investigate the influence of the basic 
assumptions made in the analysis on the calculation of loads and internal forces of the 
members of the bridge. Specifically, the parametric analysis refers to the effect of the basic 
wind velocity on the loads and response of the structure. The effects of the roughness factor 
on the results are also examined by conducting analyses for each terrain category as well as 
the effects of the orography factor by selecting different reference levels for the bridge and 
different slope of the valley. Finally, the influence of the structural factor amplifying the wind 
loads as well as the effect of the geometric and dynamic characteristics of the bridge are 
studied. 
The parametric analysis showed that the parameter that affects mostly the response of the 
bridge is the wind velocity, while the other parameters used for the calculation of the wind 
pressures on the structure affect mostly the wind loads and secondarily the response of the 
bridge. Specifically, the terrain category can lead up to a 55% increase of the wind loads, the 
orography factor up to a 16% increase and the structural factor can even lead to 100% 
increase. Due to the small value of the wind loads compared to the other loads applied on the 
bridge, its response is not affected significantly. 
This thesis is conducted within the research program EUROSTARS "BridgeCloud" entitled 
«Model-Based Aeroelastic Analysis of Long-Span Bridges on the HPC Cloud», which aims at 
developing a bridge-wind interaction virtual design lab that integrates semi-automatic 
modeling on a BIM basis with mesh generation, numerical wind-bridge interaction analysis and 
cloud computing power, providing for an easy-to-use sophisticated design tool to bridge 
design SMEs. 
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1. INTRODUCTION 
1.1 Procedure used for the accurate calculation of the wind loads 
Wind Engineering is best described as the rational treatment of the interaction between wind 
in the atmospheric boundary layer and man and his works on the surface of the earth [1]. It 
compromises a synthesis of knowledge from fluid mechanics, meteorology, structural 
mechanics and physiology. Although aerodynamics is of major importance most applications 
are non-aeronautical in nature. As far as structural engineering is concerned, the evaluation of 
wind-induced pressure loads on structures and the consequent along wind, across wind and 
torsional response are clearly the most important subjects of interest. Good knowledge of fluid 
and structural mechanics is the fundamental background necessary for the understanding of 
details of the interaction between wind flow and civil engineering structures or buildings [2]. 
Due to the fact that the problem is so complex and that its accurate description requires 
advanced knowledge of differential mathematics, there are several procedures used for the 
calculation of the wind loads. First of all, the designer may use the procedure described in the 
EN 1991 Part 1-4 [3] and a large number of clauses included in the National Annexes of each 
country. Some of the clauses are obligatory, while others only provide guidance to the 
engineers. Furthermore, the designer may make use of wind tunnel experiments. These 
experiments have been essential in the development of the current design procedures for 
wind loads on structures. In a wind tunnel experiment the structure and its surroundings are 
modeled on scale (see Figure 1-1). The use of wind tunnel experiments is recommended when 
the structures have shapes that are significantly different from those described in the various 
codes and when the surroundings of the structure are too complex to predict their influence 
on the wind velocity. However, they do not provide information of internal pressures, friction 
coefficients and dynamic phenomena on cables [2]. 
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Figure 1-1: Views of the aeroelastic wind tunnel model and the prototype of the A.Murray Mc Kay Bridge, 
Halifax, Canada [4] 
Essentially two approaches are followed in such situations. One approach is to carry out wind 
tunnel model tests which provide aerodynamic data, such as aerodynamic force and/or 
pressure coefficients, which are subsequently used in analytical evaluations of wind loads and 
responses. Unfortunately, analytical models of wind loading are complex and difficult to 
develop. The second approach is to carry out wind tunnel tests which provide direct estimates 
of the wind loads and/or wind-induced responses. The latter approach does not require 
particular analytical models of the wind loading process but relies on the quality of the 
physical model simulation achieved in the wind tunnel. The aerodynamic data required in the 
prediction of wind loads must come from wind tunnel model tests which are carried out in 
simulated turbulent boundary layer flow (see Figure 1-2). Such tests cannot be properly made 
in conventional aerodynamic wind tunnels but they require the use of special boundary layer 
type wind tunnels in which the effects of the surface drag on the wind flow can be modeled 
[4]. 
 
Figure 1-2: Wind tunnel facilities at a Boundary Layer Wind Tunnel Laboratory [4] 
However, wind tunnel experiments have limitations which may be solved by experiments in 
full scale. Wind tunnel research means scaling down the sizes of buildings and flow properties. 
In those cases where these small scales become important, full scale data provide necessary 
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information. Such cases are for example the estimates of the aerodynamic and structural 
damping from ambient vibration measurements [5]. Full scale experiments are still useful 
when wind tunnel or other simulations need to be validated and verified. The full-scale 
monitoring should not be focused on attempting to demonstrate that a given theory holds at 
design wind velocities (the conditions for which may take hundreds of years to occur). The 
concentration of the efforts in such monitoring should be on the uncertainties in theoretical 
models and how this develops at progressively higher wind velocities [6]. Full scale 
experiments are limited with respect to the availability of sufficient wind conditions, the large 
amount of time needed to collect sufficient data, the effects of the surrounding environment, 
variations in pressure, instrumentation, costs [2]. Figure 1-3 shows an instrumental 
installation for full scale measurements on a pier. 
 
Figure 1-3: Measuring setup on pier [7] 
With the rapid growth of the computing power and with the advances in the physical 
modeling, computational wind engineering has emerged aiming at supporting or replacing 
some portion of the expensive and time-consuming wind tunnel tests. Even with the current 
high-end supercomputers, application of computational wind engineering is not thought 
practicable, since the flow Reynolds number involved in wind engineering is so high that 
accurate turbulent flow prediction is beyond the capacity of present day computers. Most 
computational wind engineering researches so far have, therefore, focused on the 
development of computational methods and the refinement of turbulence models. Usually, 
CFD models are used to accurately predict the wind structure-interaction, as a flow structure 
coupled problem should be analyzed [8]. Figure 1-4 shows a typical CFD model under 
aerodynamic forces. 
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Figure 1-4: CFD Analysis of Bridge subject to aerodynamic forces [9] 
1.2 Application of the procedure proposed by EN 1991 Part 1-4 
EN 1991 Part 1-4 [3] specifies natural wind actions for the structural design of building and 
civil engineering works for each of the loaded areas under consideration. This includes the 
whole structure or parts of the structure or elements attached to the structure, e.g. 
components, cladding units and their fixings, safety and noise barriers. The field of application 
is limited to buildings and civil engineering works with heights up to 200m and to bridges 
having no span greater than 200m. EN 1994 Part 1-4 [3] is dealing mainly with the wind 
loading on the gross amount of structures. It therefore gives limited information on special 
actions, such as: torsional vibrations, bridge deck vibrations from transverse wind turbulence, 
cable supported bridges and vibrations where more than the fundamental vibration mode 
need to be considered. [2]  
Specifically when it comes to bridges, EN 1991 Part 1-4 [3] covers bridges of constant depth 
and with cross sections consisting of a single deck with one or more spans. Wind actions for 
other types of bridges (e.g. arch bridges, bridges with suspension cables or cable stayed, 
roofed bridges, moving bridges and bridges with multiple or significantly curved decks) may 
be defined in the National Annex [2]. 
1.3 Previous design studies 
The design and initial dimensioning of the steel arch road bridge with composite deck used in 
this thesis was made in the diploma thesis of Ch. Tasioulas [10] with basic criterion the 
smallest possible weight of the bridge and then its economics and aesthetics. The software 
used for the design of the bridge was SAP2000 [11]. The model of one span set up for the 
design of the steel members is illustrated in Figure 1-5. The seismic design of the bridge was 
based on the model shown in Figure 1-6, taking into account the superstructure, the wall pier 
and the abutments. 
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Figure 1-5: Model of one span of the bridge for the design of steel members [10] 
 
Figure 1-6: Model for the seismic design of the bridge [10] 
The same bridge was used in two other graduate theses in the frame of the THALIS-NTUA 
Research Project [12], in which the feasibility of the innovative design of the bridge’s piers on 
liquefiable soils with the use of spread footings exploiting the natural seismic isolation design 
methodology, and the resulting advantages over conventional foundation with piles [13] were 
assessed. The first one [14] was focused on the redesign of the pier for the conventional 
design method and the calculation of the permissible ground displacements and rotations for 
the innovative solution. The pier was formed as a frame of three circular concrete columns of 
diameter 1.50m connected at the top with an horizontal beam. Nonlinear analyses were 
performed using the FEM software SAP2000 [11], taking into account the geometrical 
nonlinearity of the system and predicting possible plastic hinges at the base of the pier. The 
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model of the bridge for the redesign of the pier for the conventional solution is given in Figure 
1-7, and for the innovative solution in Figure 1-8. 
 
Figure 1-7: Model of the arch steel bridge for the design of the pier [14] 
 
Figure 1-8: Model of the arch steel bridge for the calculation of the permissible ground settlements and 
rotations with the innovative method [14] 
The second thesis of Vasiliki Kaymenaki [15] dealt again with the assessment of the response 
of the arch steel bridge imposed to differential displacements and rotations due to soil 
liquefaction, using the software ADINA [16], taking into account diagrams of Moment – 
Curvature for the columns of the pier and the material law for the bearings and the steel 
members. Displacements and rotations were imposed at the base of the pier’s columns and 
the response of the bridge was monitored until the first failure occurred at any structural 
member of the bridge. The model used is illustrated in Figure 1-9. 
INTRODUCTION 7 
INVESTIGATION OF THE INFLUENCE OF WIND AND ITS CHARACTERISTIC PARAMETERS IN 
THE DESIGN OF A STEEL ARCH BRIDGE 
 
Figure 1-9: Model of the arch steel bridge for the calculation of the permissible ground settlements and 
rotations with the innovative method [15] 
1.4 Aim and objective of this thesis 
The aim of the thesis is to produce a parametric study that will investigate the structural 
demands of this specific steel arch bridge, with regards to wind load response. A presentation 
of the procedure for the calculation of wind loads proposed by EN 1991 Part 1-4 [3] will be 
provided along with a description of the assumptions made for the estimation of the bridge’s 
response. The roughness, orographic and structural factors will be evaluated for the specific 
bridge example and their contribution on the response will be assessed. 
This thesis is conducted within the research program EUROSTARS "BridgeCloud" entitled 
«Model-Based Aeroelastic Analysis of Long-Span Bridges on the HPC Cloud» which aims to 
develop a bridge-wind interaction virtual design lab that integrates semi-automatic modeling 
on a BIM basis with mesh generation, numerical wind-bridge interaction analysis and cloud 
computing power, providing for an easy-to-use sophisticated design tool to bridge design 
SMEs.. 
1.5 Structure of the thesis 
The introduction outlines the methods currently used to calculate pressures, forces, 
displacements and internal forces as well as the wind characteristics and presents their main 
advantages but also disadvantages. Also, the introduction refers to the methodology proposed 
by the EN 1991 Part 1-4 and the limits of its use. The chapter of theoretical background and 
literature review refers to the phenomenon of wind. It describes the wind generation process 
and its basic characteristics. What is more, it describes the particularities of flow near a 
surface, the influence of the terrain roughness and the turbulent flow. Furthermore, a detailed 
description of the methodology proposed by EN 1991 Part 1-4 for the calculation of the wind 
loads is provided. The parameters affecting the mean wind velocity and the calculation of the 
wind loads applied on the deck, the pier and the steel members in three directions and the 
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estimation of the dynamic parameters of the bridge are presented. In the chapter dealing with 
the description of the bridge the basic characteristics, the cross sections and the materials 
chosen are presented as well as the underlying assumptions of the model used in the analysis. 
Based on these assumptions concerning the properties of the wind, the dynamic 
characteristics of the bridge and the environmental and climatic conditions the wind loads on 
several members of the bridge are calculated. Furthermore the response of the bridge and its 
compliance with all safety standards is being studied. 
Finally, the chapter dealing with the parametric analysis investigates some basic assumptions 
made in the analysis and their influence on the calculation of loads and internal forces of 
members of the bridge. Specifically, the parametric analysis investigates the effect of the 
roughness and orography factor, basic wind velocity and structural factor in the design and 
the response of the bridge. This thesis concludes with a summary, the basic conclusions 
obtained from this research as well as suggestions for future research 
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2. THEORETICAL BACKGROUND AND LITERATURE REVIEW 
2.1 Theoretical Aspects on Wind 
As described in [17], the wind or flow of air is fundamentally created due to the variable solar 
heating on earth’s atmosphere. This variation of temperature causes differentiation of 
pressure between points of equal elevation. The energy required in order to initiate this 
phenomenon comes from the sun. Although the atmosphere of our planet is transparent, it 
can be heated thanks to earth’s radiation. Specifically, some portion of sun radiation is 
absorbed by the surface of the earth and thus the earth is being heated and emits energy in 
the form of terrestrial radiation. The atmosphere absorbs this type of energy. This uneven 
temperature distribution plays a significant role in the production of winds. 
2.2 Atmospheric Circulation 
The statement presented in section 2.1 can be illustrated by the use of a very simple 
mechanism. Figure 2-1 shows two tanks filled with air. These two tanks contain the same 
amount of air in the same temperature and pressure. If the air of the tank A were heated 
then the air would expand. However, the weight of the air would not change as the amount of 
fluid would be the same as before. So the pressure in level c would not change and if tunnel 2 
was open the fluid would not flow from one tank to the other. If we opened tunnel 1 there 
would be fluid flow from tank A to tank B as there is a height difference (b-a). As a 
consequence, the pressure in level c would decrease while the pressure in tank B would 
increase. So if we opened tunnel 2 there would be air flow from tank B to tank A and this fluid 
circulation would continue as long as there was a difference in temperature between tanks A 
and B. A simplified model of the atmospheric circulation is presented below (Figure 2-2). Of 
course, in reality, the atmospheric circulation is a very complicated phenomenon which 
depends on many different factors. 
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Figure 2-1: Fluid Circulation Model [17] 
 
Figure 2-2: Simplified Atmospheric Circulation Model [17] 
There are great variations to the atmospheric circulations and they are caused by seasonal 
effects, geographical effects (uneven distribution of water and land) and rotation of the earth. 
There are of course many types of winds and there is a confusion when it comes to 
categorizing them according to their characteristics. Local winds have minimal influence on 
primary and secondary circulations but, they may have high intensity e. g. thunderstorms and 
tornadoes [17]. 
2.3 Wind Engineering 
Wind loads depend on the basic wind velocity, the characteristics of the surroundings, the 
reference height and the dynamic characteristics, both of the structure and of the wind itself. 
The first parameters determine the static wind pressure on a given structure, whereas the 
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influence of wind velocity variations and the response of the structure are included in dynamic 
factors applied to the basic pressure. These factors are determined by the structural response 
and the natural frequencies, structural damping and the influence of wind gusts. The value of 
the dynamic factors may become fairly high, especially for large span and narrow bridges, due 
to the lateral mode shapes of such structures and the low fundamental frequency [7]. 
2.3.1 Basic Wind Velocity 
Figure 2-3 presents an atmospheric map containing the basic wind velocities in km/h as 
estimated by statistical data. The theoretical background of this map is the 2D wind profile 
from ESDU [18]. The term atmospheric wind stands for the asymptotic value for the wind 
profile allowing to extrapolate from the wind in lower heights the velocity reached in the 
atmosphere. The sources of this kind of maps (meteorological measurements, maps within the 
design codes) usually refer to a height of 10m above ground [19]. 
 
Figure 2-3: 50-Year-Wind / 10-Minute-Mean value of the atmospheric wind velocity in infinite height [18] 
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2.3.2 Boundary Layer Flow 
The boundary layer concept is originally due to Prandtl [20]. The boundary layer concept and 
the wind flow phenomena are inseparably connected, since for fluids the boundary layer is the 
only theory capable to account for the flow phenomena near the solid boundaries of immersed 
bodies (see Figure 2-4). The boundary layer is in a thin region, near a solid surface, in which 
the effect of internal friction in a fluid cannot be neglected, even for flow of fluids with low 
viscosity [21]. 
 
Figure 2-4: Flow phenomena near solid boundaries of immersed bodies 
The Earth’s surface exerts on the moving air a horizontal drag force, whose effect is to retard 
the flow. This effect is diffused by turbulent mixing throughout a region referred to as the 
atmospheric boundary layer. Within the boundary layer, the wind velocity increases with 
elevation. At some height above ground, the movement of the air is no longer affected by 
ground obstruction. This height is called gradient height, which is a function of ground 
roughness. The unobstructed wind velocity is called gradient wind velocity and is considered 
to be constant above the gradient height [17]. This phenomenon is presented in Figure 2-5 
showing the profiles of the mean wind velocity over different terrains.  
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Figure 2-5: Davenport’s profiles of the mean wind velocity over different terrains [4] 
2.3.3 Wind Turbulence 
Figure 2-6 presents a typical wind velocity variation with time for a 15-minute period. The 
unsteadiness of the wind is clear. The wind is observed to consist of two components: the 
mean wind velocity and the fluctuating component. The fluctuating component is created due 
to the meteorological (wind movement) or the mechanical (terrain roughness) turbulence. For 
civil engineering structures the fluctuating effect is considered to be caused by the mechanical 
turbulence as the structures under consideration are in the boundary layer. 
 
Figure 2-6: Typical wind spectrum during a 15 minutes storm [7] 
The turbulence is useful in structural engineering applications for three main reasons. First, 
rigid structures and members are subjected to time-dependent loads with fluctuations due in 
part to atmospheric turbulence. Second, flexible structures may exhibit resonant amplification 
effects induced by velocity fluctuations. Third, the aerodynamic behavior of structures may 
depend strongly upon the turbulence in the air flow. Turbulence is higher for rougher terrain 
than in smoother terrain, e.g. in suburban as opposed to flat open terrain the turbulence is 
higher and decreases with increasing height above ground. The most important parameters 
affecting turbulence are the gust frequency, the gust size and the turbulence intensity. [17] 
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In a typical record of wind velocity one can observe the tendency of the mean wind velocity to 
stay relatively steady over periods of 10 minutes to an hour. This phenomenon is called 
stationarity and its explanation lies on the fact that the factors resulting to the creation of 
wind flow have much greater time periods than one hour. This observation is very useful as it 
provides the basis for wind tunnel testing. In order to identify how the mean wind velocity is 
affected by the different time scales, full scale experiments and measurements have been 
conducted. Figure 2-7 shows the wind spectrum proposed by Van der Hover [22] which 
summarizes the results of the scientific measurements. 
 
Figure 2-7: Wind Spectrum after Van der Hoven [22] 
Maximum energy occurs in two major peaks, one at T=4 days (f=0.01Hz), associated with 
movement of large scale pressure systems. The other energy peak is observed in T=1 min 
which is associated with turbulence. The gap between T=1 hour and T=10 min provides a 
clear distinction between mean wind and gusts. Above 1Hz the energy reduces drastically, so 
we can assume that wind gusts induce negligible dynamic resonance response to buildings or 
structures with fundamental frequency greater than 1Hz. 
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3. WIND ACTIONS 
3.1 Basic Wind Velocity 
The first part of this report deals with the calculation of the wind actions as defined by the EN 
1991 Part 1-4 [3] so that its assumptions and simplifications are studied and its application on 
bridges under dynamic loading is validated. This chapter describes the assumptions of the 
equivalent static method proposed by the EN 1991 Part 1-4 [3] in order to calculate the static 
linear loading imposed on each element of the bridge. 
The wind velocity and the velocity pressure consist of a mean and a fluctuating component. 
The mean wind velocity vm is based on the basic wind velocity vb which depends on the wind 
climate and the height variation of the wind, determined by the terrain roughness and 
orography (see sections 3.2.1 and 3.2.2). The fundamental value of the basic wind velocity 
vb,0 is the 10 minute mean wind velocity with an annual risk of being exceeded of 0.02, 
irrespective of the wind direction, at a height of 10m above flat open country terrain and 
accounting for altitude effects. The basic wind velocity shall be calculated using Eq. (3-1): 
b b,0 dir seasonv v c c    (3-1) 
where: 
vb,0 is the fundamental value of the basic wind velocity given in the National Annex 
cdir is the directional factor. The recommended value is 1.0 
cseason is the season factor. The recommended value is 1.0 
3.2 Wind Velocity Factors 
The mean wind velocity vm(z) at a height z above the terrain depends on the terrain 
roughness and orography and the basic wind velocity, vb according to Eq. (3-2) where cr(z) is 
the roughness factor and c0 is the orography factor. In a wind tunnel experiment the influence 
of these factors is easily measured, while EN 1991 Part 1-4 [3] uses a series of complex 
factors and tables in order to take them into account. 
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m r 0 bv c c v    (3-2) 
3.2.1 Roughness factor 
The roughness factor cr(z) accounts for the variability of the mean wind velocity at the site of 
the structure due to: (a) the height above ground level (z) and (b) the ground roughness of 
the terrain upwind of the structure in the wind direction considered. The factor cr(z) equals to: 
r r
0
z
c (z)=k ln
z
 
  
 
 for min maxz z z   
(3-3) 
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r r
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z
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where kr is the terrain factor depending on the roughness length z0 and it is calculated as: 
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 (3-4) 
where: 
z0 is the roughness length defined in Table 3-1 
z0,II equals to 0.05 m (terrain category II, Table 3-1) 
zmin is the minimum height also defined in Table 3-1 
zmax is to be taken as 200m. 
The five representative terrain categories given in Table 3-1 are illustrated in Figure 3-1. 
Table 3-1: Terrain categories and terrain parameters 
Terrain category z0 (m) zmin (m) 
0 Sea or coastal area exposed to the open sea 0.003 1 
I Lakes or flat and horizontal area with negligible vegetation and without 
obstacles 
0.01 1 
II Area with low vegetation such as grass and isolated obstacles (trees, 
buildings) with separations of at least 20 obstacle heights 
0.05 2 
III Area with regular cover of vegetation or buildings or with isolated 
obstacles with separations of maximum 20 obstacle heights (such as 
villages, suburban terrain, permanent forest) 
0.3 5 
IV Area in which at least 15 % of the surface is covered with buildings and 
their average height exceeds 15 m 
1.0 10 
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Terrain category 0 
Sea, coastal area exposed to the open sea 
 
Terrain category I 
Lakes or area with negligible vegetation and without 
obstacles 
 
Terrain category II 
Area with low vegetation such as grass and isolated 
obstacles (trees, buildings) with separations of at 
least 20 obstacle heights 
 
Terrain category III 
Area with regular cover of vegetation or buildings or 
with isolated obstacles with separations of maximum 
20 obstacle heights (such as villages, suburban 
terrain, permanent forest) 
 
Terrain category IV 
Area in which at least 15 % of the surface is covered 
with buildings and their average height exceeds 15 m 
 
Figure 3-1: Illustrations of the roughness of each terrain category 
3.2.2 Orography Factor 
The orography factor c0 considers the increase of the mean wind velocity over isolated hills or 
escarpments in otherwise flat terrain. It is not applicable for hilly or mountainous regions. In 
steep-faced valleys supplements for channel effects must be considered. These supplements 
are part of the orography factor, which is also dependent on the height above ground. Over 
embankments higher wind velocities due to speed-up effects are observed [23]. At isolated 
hills and ridges or cliffs and escarpments different wind velocities occur dependent on the 
upwind slope Φ=H/Lu or the downwind slope Φ=H/Ld in the wind direction, where the height 
of the valley H and the lengths of the downwind or upwind sections Lu and Ld, respectively, 
are defined in Figure 3-2. 
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Figure 3-2: Height and length of a valley 
Using the expressions of Table 3-2, the effective length Le, which represents the effective 
slope of the upwind or downwind slope, is calculated. 
Table 3-2: Values of the effective length Le 
Type of slope Φ  
Shallow (0.05 < Φ < 0.3) Steep (Φ > 0.3) 
Le = Lu or Ld Le = H/0.3 
The orography factor c0 depends on the upwind and the downwind slope Φ of the valley and 
its characteristics are described in Eq. (3-5). The orography factor c0 is defined as: 
0
c 1  Φ 0.05  
(3-5) 0c 1 2 s Φ     0.05 Φ 0.30   
0
c 1 0.6 s    Φ 0.30  
where: 
Φ is the upwind or downwind slope in the wind direction  
s is the orography location factor 
In order to calculate the orography location factors, Eqs. (3-6) – (3-13) are used. The wind 
direction with respect to the ground topology is taken into account as presented in Figure 3-2. 
The equations for the downwind section for cliffs and escarpments are: 
For the ranges:  
d
x
0 2.0
L
   and 
e
z
0 2.0
L
    
d
X
B
L
s A e
 
  
    
(3-6) 
where:  
4 3 2
e e e e
z z z z
A 0.1552 0.8575 1.8133 1.9115 1.0124
L L L L
       
               
       
 (3-7) 
and  
2
e e
z z
B 0.3056 1.0212 1.7637
L L
   
        
   
 (3-8) 
For the ranges:  
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d
x
2.0
L
  and 
e
z
2.0
L
   
s=0 (3-9) 
The equations for the upwind section are: 
For the ranges:  
u
x
1.5 0
L
    and 
e
z
0 2.0
L
    
d
X
B
L
s A e
 
  
    
(3-10) 
where:  
4 3 2
e e e e
z z z z
A 0.1552 0.8575 1.8133 1.9115 1.0124
L L L L
       
               
       
 (3-11) 
and  
2
e e
z z
B 0.3542 1.0577 2.6456
L L
   
       
   
 (3-12) 
For the ranges:  
d
x
1.5
L
   and 
e
z
2.0
L
   
s=0 (3-13) 
Alternatively, the diagram of Figure 3-3 can be used in order to calculate the orography 
location factor s. 
 
Figure 3-3: Orography location factor s for hills and ridges 
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3.3 Wind Loading Model 
Wind actions on bridges produce forces in the x, y and z directions, as shown in Figure 3-4. 
Usually, the wind forces described in EN 1991 Part 1-4 [3] only apply to bridges of constant 
depth and with cross-sections consisting of a single deck with one or more spans. 
 
Figure 3-4: Directions of wind actions on bridges 
The external wind induced force acting on a structure or a structural component Fw can be 
determined by the following general procedure described in EN 1991 Part 1-4 [3]: 
w f s d p refF c c c q (z) A     (3-14) 
where: 
qp is the peak velocity pressure calculated in section 3.3.1 
cscd is the structural factor defined in section 3.3.3. For the z-direction cscd=1.00. 
cf is the force coefficient for the structure or structural element given in sections 3.3.4 
and 3.3.5 
Aref is the reference area of the structure or structural element given in Figure 3-14 and 
Table 3-6 
3.3.1 Peak Velocity Pressure 
The peak velocity pressure qp(z) accounts for the effect of the mean velocity and a turbulence 
component. The peak velocity pressure is influenced by the regional wind climate, local factor 
(e.g. terrain roughness and orography) and the height z above the terrain. It is described as: 
2
p v m
1
q [1 7 I (z)] ρ v (z)
2
       (3-15) 
where  
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ρ is the air density, which depends on the altitude, temperature and barometric 
pressure. The recommended value is 1.25 kg/m3. 
vm is the mean wind velocity, as defined in Eq. (3-2) 
Iv is the turbulence intensity defined in section 3.3.2 
3.3.2 Turbulence Intensity 
Turbulence can be thought of as fluctuations in air flow. A steady flow of air would have low 
turbulence. An unsteady flow of air would have higher turbulence. Turbulence Intensity is a 
scale characterizing turbulence expressed as a percent. An idealized flow of air with absolutely 
no fluctuations in air speed or direction would have a Turbulence Intensity value of 0%. This 
idealized case never occurs on earth. However, due to how Turbulence Intensity is calculated, 
values greater than 100% are possible. This can happen, for example, when the average air 
speed is small and there are large fluctuations present [24]. The turbulence intensity Iv(z) at 
height z is defined as the standard deviation of the turbulence divided by the mean wind 
velocity (see Eq. (3-16)).  
v I
v
m
0
0
σ k
I (z)
v (z) zc ln
z
 
 
  
 
 
min maxz z z   
(3-16) 
v v minI (z) I (z )  minz z  
where the standard deviation of the turbulence may be determined as: 
v r b Iσ k v k     (3-17) 
and 
kI is the turbulence factor. The recommended value is kI = 1.0. 
c0 is the orography factor as described in Eq. (3-5). 
z0 is the roughness length, given in Table 3-1. 
3.3.3 Structural Factor cscd 
The structural factor cscd should take into account the effect on wind actions from the non-
simultaneous occurrence of peak wind pressures on the surface together with the effect of the 
vibrations of the structure due to turbulence. For normal road and railway bridge decks of less 
than 40m span a dynamic response procedure is generally not needed. For the purpose of this 
categorization, normal bridges may be considered to include bridges constructed in steel, 
concrete, aluminum or timber, including composite construction, and whose shape of cross 
sections is generally covered by Figure 3-5. 
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Figure 3-5: Examples of cross-sections of normal construction decks 
In order to calculate the structural factor cscd, a dynamic analysis is required as it depends on 
the eigenvalues of the structure in the specific direction considered. Figure 3-6 shows the type 
of structure and the direction in which the factor cscd is calculated for wind loading as well as 
the dimensions used in the calculations. The structural factor cscd can be calculated for vertical 
structures like buildings, horizontal structures like beams and bridges and point like structures 
like signboards under wind loading in the direction shown in Figure 3-6. Specifically for 
bridges, based on shape (b), only the transverse direction of the wind affects the dynamic 
response of the bridge. 
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Figure 3-6: General shapes of structures covered by the design procedure, structural dimensions and 
corresponding reference height 
The structural factor cscd is described as: 
2 2
p v e
s d
v e
1 2 k I (z ) B R
c c
1 7 I (z )
    

 
 (3-18) 
where: 
Iv is the turbulence intensity defined by Eq. (3-16) 
ze is the reference height as described in Figure 3-6. 
B2 is the background factor, allowing for the lack of full correlation of the pressure on the 
structure surface (see Eq. (3-21)) 
R2 is the resonance response factor, allowing for turbulence in resonance with the 
vibration mode (see Eq. (3-23)) 
kp is the peak factor (see Eq. (3-32)) 
The structural factor consists of two separate factors: the size factor cs and the dynamic factor 
cd. The structural factor is obtained by multiplying cs by the dynamic factor cd. The size factor 
is primarily influenced by the height above the ground and the geometry of the bridge as 
described by Eq. (3-19): 
2
v e
s
v e
1 7 I (z ) B
c
1 7 I (z )
  

 
 (3-19) 
where 
Iv is the turbulence intensity defined by Eq. (3-16) 
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ze is the reference height as described in Figure 3-6. 
B2 is the background factor, allowing for the lack of full correlation of the pressure on the 
structure surface (see Eq. (3-21)) 
The dynamic factor primarily takes into account the increasing effect from vibrations due to 
turbulence in resonance with the structure. This factor is obtained from: 
2 2
p v e
d
2
v e
1 2 k I (z ) B R
c
1 7 I (z ) B
    

  
 (3-20) 
where 
Iv is the turbulence intensity defined by Eq. (3-16) 
ze is the reference height as described in Figure 3-6. 
B2 is the background factor, allowing for the lack of full correlation of the pressure on the 
structure surface (see Eq. (3-21)) 
R2 is the resonance response factor, allowing for turbulence in resonance with the 
vibration mode (see Eq. (3-23)) 
The background factor B2 allowing for the lack of full correlation of the pressure on the 
structure surface may be calculated as: 
2
0.63
e
1
B
b h
1 0.9
L(z )

 
   
 
 
(3-21) 
where: 
b, h are the width and height defined in Figure 3-6. 
L(ze) is the turbulent length scale given in Eq. (3-22) at reference height ze (Figure 3-6). 
The turbulent length scale L(z), which represents the average gust size for natural winds for 
heights z below 200m, may be calculated using Eq. (3-22). 
α
t
t
z
L(z) L
z
 
   
 
 for minz z  
(3-22) 
α
min
min t
t
z
L(z) L(z ) L
z
 
    
 
 for minz z  
with a reference height of zt=200m, a reference length scale of Lt=300m, and 
α=0.67+0.05ln(z0), where the roughness length z0 is in m. Both the roughness length z0 and 
the minimum height zmin are given in Table 3-1. 
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The resonance response factor R2, allowing for turbulence in resonance with the considered 
vibration mode of the structure, is determined as: 
2
2
L e 1,x h h b b
π
R S (z ,n ) R (η ) R (η )
2 δ
   

 (3-23) 
where: 
δ is the total logarithmic decrement of damping 
Rh, Rb are the aerodynamic admittance functions, given in Eqs. (3-24) and (3-26) 
SL is the non-dimensional power spectral density function, given in Eq. (3-31) 
The aerodynamic admittance functions are calculated as: 
h2 η
h 2
h h
1 1
R (1 e )
η 2 η
 
   

  (3-24) 
Rh=1 for ηh=0  (3-25) 
b2 η
b 2
b b
1 1
R (1 e )
η 2 η
 
   

  (3-26) 
Rb=1 for ηb=0  (3-27) 
where: 
h L e 1,x
e
4.6 h
η f (z ,n )
L(z )

   (3-28) 
b L e 1,x
e
4.6 b
η f (z ,n )
L(z )

   (3-29) 
and fL is the non-dimensional frequency determined by the frequency n, expressed as: 
L
m
n L(z)
f (z,n)
v (z)

  (3-30) 
where: 
n=n1,x the natural frequency of the structure in Hz 
L(z) the turbulent length scale (see Eq. (3-22)) 
vm the mean wind velocity (see Eq. (3-2)) 
Then, the non-dimensional power spectral density function SL(z,n) is determined using Eq. 
(3-31) and plotted in Figure 3-7: 
L
L 5/3
L
6.8 f (z,n)
S (z,n)
(1 10.2 f (z,n))


 
 (3-31) 
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Figure 3-7: Power spectral density function SL(fL) 
The peak factor kp is defined as: 
p
0.6
k 2 ln(v T)
2 ln(v T)
   
 
 > 3 (3-32) 
where: 
T is the averaging time for the mean wind velocity, T = 600 seconds 
v is the up-crossing frequency given as: 
2
1,x 2 2
R
v n 0.08Hz
B R
  

 (3-33) 
n=n1,x the natural frequency of the structure in Hz 
B2 is the background factor (see Eq. (3-21)) 
R2 is the resonance response factor (see Eq. (3-23)) 
The peak factor kp is plotted in Figure 3-8 with respect to the product of the up-crossing 
frequency v and the averaging time for the mean velocity. The limit of ν≥0.08Hz corresponds 
to a peak factor of 3.0. 
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Figure 3-8: Peak factor 
3.3.4 Force coefficients in z -direction 
Force coefficients cf,z should be defined for wind action on the bridge decks in the z-direction, 
both upwards and downwards (lift force coefficients). The coefficient cf,z should not be used to 
calculate vertical vibrations of the bridge deck. The National Annex may give values for cf,z but 
in the absence of wind tunnel tests the recommended value may be taken equal to ±0.9. This 
value takes globally into account the influence of a possible transverse slope of the deck, of 
the slope of terrain and of fluctuations of the angle of the wind direction with the deck due to 
turbulence. 
3.3.5 Force coefficient of the bridge’s deck in the transverse direction 
In the calculation of the wind forces in the transverse direction of the bridge there is a need to 
include the end-effect factor for elements with free-end flow. The force coefficients cf,0, are 
based on measurements on structures without free-end flow away from the ground. The end-
effect factor takes into account the reduced resistance of the structure due to the wind flow 
around the end (end-effect). However, the deck of the bridge has usually no free-end flow, 
which means that there are no vortices created near the free end because the flow is deviated 
only along two sides (over and under the bridge deck) [3]. So, the force coefficient for wind 
actions on the deck is calculated by Eq. (3-34): 
f ,x fx,0
c c  (3-34) 
where: 
cfx,0 is the force coefficient without free-end flow 
WIND ACTIONS 29 
INVESTIGATION OF THE INFLUENCE OF WIND AND ITS CHARACTERISTIC PARAMETERS IN 
THE DESIGN OF A STEEL ARCH BRIDGE 
Figure 3-9 shows the width b and the depth of the bridge, denoted as dtot, for different types 
of bridges, which are used to calculate the force coefficient cfx,0 of the deck of the bridge. The 
width of the bridge includes the sidewalks. The depth dtot takes into account not only the 
deck’s depth but also eventual parapets, barriers and vehicles. For normal bridges cfx,0 may be 
taken equal to 1.3. Alternatively, cfx,0 may be taken from the chart of Figure 3-10. 
 
Figure 3-9: Bridge Type 
 
Figure 3-10: Force coefficient for bridges, cfx,0 
3.3.6 Force coefficient of the bridge’s members in the transverse direction 
The force coefficients of structural elements with sharp edged section or finite circular cylinder 
are given by Eq. (3-36): 
f f ,0 λc c ψ   (3-35) 
where: 
ψλ is the end-effect factor (see section 3.3.7) 
30 Chapter 3 
Diploma Thesis of Eleni Kontosi N.T.U.A. 2015 
cf,0 is the force coefficient without free-end flow calculated in section 3.3.8 
The force coefficients of vertical cylinders are given by Eq. (3-36): 
f f ,0 λc c ψ κ    (3-36) 
where: 
κ is the factor for vertical cylinders in a row arrangement for the most unfavorable wind 
direction, calculated in Table 3-5 
3.3.7 Effective slenderness λ and end-effect factor ψλ 
The force coefficient cf,0, mentioned in section 3.3.5, is based on measurements on structures 
without free-end flow away from the ground. The end-effect factor ψλ takes into account the 
reduced resistance of the structure due to the wind flow around the end (end-effect) 
expressed with effective slenderness λ, calculated according to Table 3-3, which is based on 
measurements on structures in low turbulent flow. 
Table 3-3: Recommended values of λ for cylinders, polygonal sections, rectangular sections, sharp edged 
structural sections and lattice structures 
No. Position of the structure, wind normal to the 
plane of the page 
Effective slenderness λ 
1 
 
For polygonal, rectangular and sharp 
edged sections and lattice structures: 
for   ≥ 50m, λ =1.4  /b or λ = 70, 
whichever is smaller 
for   < 15m, λ =2  /b or λ = 70, 
whichever is smaller 
 
For circular cylinders: 
for   ≥ 50m, λ =0.7  /b or λ =70, 
whichever is smaller 
for  <15m, λ =  /b or λ =70, 
whichever is smaller 
 
For intermediate values of  , linear 
interpolation should be used 
2 
 
3 
 
4 
 
For   ≥ 50m, λ =0.7  /b or λ = 70, 
whichever is larger 
For   <15m, λ =  /b or λ = 70, 
whichever is larger 
For intermediate values of  , linear 
interpolation should be used 
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Figure 3-11 gives the variation of the end-effect factor ψλ as a function of the solidity ratio φ 
and the slenderness λ, where the solidity ratio φ is a ratio of the projected areas of the 
members over the overall envelope area. 
 
Figure 3-11: Indicative values of the end-effect factor ψλ as a function of solidity ratio φ versus 
slenderness λ 
The solidity ratio φ is defined by Eq. (3-37): 
c
Α
φ
Α
  (3-37) 
with: 
A the sum of the projected areas of the members 
Ac the overall envelope area Ac = 
.b as described in Figure 3-12 
 
Figure 3-12: Definition of projected and overall areas 
3.3.8 Force coefficient of circular cross sections without free-end flow  
Pressure coefficients of circular cross sections without free-end flow depend upon the 
Reynolds numbers Re defined by Eq. (3-38): 
ν
eb v(z )Re


 
(3-38) 
where: 
b is the diameter of the cross section 
32 Chapter 3 
Diploma Thesis of Eleni Kontosi N.T.U.A. 2015 
v(ze) is the peak wind velocity at height ze 
ν is the kinematic viscosity of the air (=15·10-6m2/s) 
The peak wind velocity is defined by Eq. (3-39): 
ρ
p
e
2 q
v(z )

  (3-39) 
where: 
qp is the peak velocity pressure defined by Eq. (3-15) 
ρ is the air density, which depends on the altitude, temperature and barometric 
pressure. The recommended value is 1.25 kg/m3 
The force coefficient without free-end flow cf,0 is defined for different values of the Reynolds 
number (see Figure 3-13) by Eqs. (3-40) and (3-41): 
f ,0 6
0.18 log(10 k / b)
c 1.2
1 0.4 log(Re/10 )
 
 
 
 (3-40) 
f ,0 6 1.4
0.11
c
(Re/10 )
  (3-41) 
where: 
b is the diameter of the cross section 
Re is the Reynolds number as defined in Eq. (3-38) 
k is the equivalent surface roughness, given in Table 3-4 
Table 3-4: Equivalent surface roughness k 
Type of surface 
Equivalent 
roughness k (mm) 
Type of surface 
Equivalent 
roughness k (mm) 
glass 0.0015 smooth concrete 0.2 
polished metal 0.002 planed wood 0.5 
fine paint 0.006 rough concrete 1.0 
spray paint 0.02 rough sawn wood 2.0 
bright steel 0.05 rust 2.0 
cast iron 0.2 brickwork 3.0 
galvanized steel 0.2   
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Figure 3-13: Force coefficient cf,0 for circular cylinders without free-end flow and for different equivalent 
roughness k/b 
Finally, the force coefficient for cylinders in a row depends from the distance between the 
piers and their diameter. The factor κ, which is used for the calculation of these parameters, is 
given in Table 3-5. 
Table 3-5: Factor κ for vertical cylinders in a row arrangement 
a/b κ 
 
a/b<3.5 1.15 
3.5<a/b<30 
κ
a
210
b
180

  
a/b>30 1.00 
3.3.9 Reference Area in the transverse direction 
The reference area Aref,x for decks with plain (web) beams and for the steel members is 
defined as: 
ref ,x tot
A d L   (3-42) 
where: 
L is the length of a span of the bridge deck or the length of the steel members 
dtot is the total depth of the structure’s member 
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The depth used for the calculation of the reference area of the deck includes the height of the 
front main girder, the height of those parts of the other main girders projecting under the 
front main girder, the height of a cornice or footway or ballasted track projecting over the 
front main girder, the height of solid restraints or noise barriers, over the already depth or, in 
the absence of such equipment, 0.3m for each open parapet or barrier. For load combinations 
with traffic loads the depth includes also a height of 2.00m above the level of the carriageway. 
The depth dtot of the bridge’s deck is defined in Figure 3-14 and in Table 3-6. However, the 
reference height, ze, used in the calculations, is taken as the distance from the lowest ground 
level to the centre of the bridge deck, disregarding other parts (e.g. parapets) of the 
reference areas (see Figure 3-6b). 
 
Figure 3-14: Depth to be used for Aref,x 
Table 3-6: Definition of depth dtot to be used for Aref,x 
Road restraint system  on one side on both sides 
Open parapet or open safety barrier d+0.3m d+0.6m 
Solid parapet or solid safety barrier d+ d1 d+2d1 
Open parapet and open safety barrier d+0.6m d+1.2m 
Regarding the depth of the steel members, this is equal to their diameter (see Figure 3-15). 
 
Figure 3-15: Depth of the steel members to be used for Aref,x 
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3.3.10 Forces in z-direction 
For the calculation of the wind forces in the z direction, the direction with the most 
unfavorable peak velocity pressure is used. What is more, the forces are imposed on the deck 
with an eccentricity e=b/4 (Figure 3-16). 
 
Figure 3-16: Eccentricity applied for the forces in the z direction 
3.3.11 Forces in the longitudinal direction 
For the forces acting on the deck, a simplification of EN 1991 Part 1-4 [3] is used. It 
recommends the following values in this direction: 
 for plated bridges, 25% of the wind forces in the transverse direction 
 for truss bridges, 50% of the wind forces in the transverse direction 
The forces for the steel members are calculated as described in sections 3.3.6 – 3.3.9. The 
value of the forces is different in the longitudinal direction as the wind velocity is influenced by 
the orography factor, which usually is different from the one in the transverse direction and 
the find forces are different due to the fact that for bridges the structural factor is calculated 
for the transverse direction only (as mentioned in section 3.3.3). 
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4. BRIDGE DESCRIPTION 
4.1 Geometry and cross sections 
The bridge under investigation is situated over a riverbank and it is a steel arch road bridge 
with two simply supported spans, with total length 87.60m. The total width of the deck is 
equal to 15.00m, while at the supports it becomes 15.55m. The steel members of each span 
include two (2) main beams, seventeen (17) transverse beams, two (2) arches connected with 
transverse and diagonal bracing members. Each main beam is suspended by each arch with 
seven (7) hangers. The distance of the transverse steel beams is 2.625m. A composite deck is 
formed using trapezoidal profiles of type SYMDECK 150 and a concrete slab. The total 
thickness of the composite slab is 35cm. The concrete slab is connected with the transverse 
and main beams through steel shear connectors in order to ensure composite action. The 
characteristics of the bridge’s steel members are listed in Table 4-1. The elevation view of a 
single span is illustrated in Figure 4-1, the arrangement in plan view of the main and 
transverse beams is shown in Figure 4-2, the plane view of the bridge in Figure 4-3 and the 
section of the bridge at mid span in Figure 4-4. 
Table 4-1: Characteristics of the bridge’s steel members 
Type Total 
number 
Cross 
section 
Length of each 
member 
Theoretical 
span/rise 
Main beams 4 HEB900 43.30m 42.00m 
Transverse beams 34 HEB900 14.30m 14.70m 
Arches 4 CHS750/20 47.70m 42.00m / 10.00m 
Transverse bracing members 10 CHS244.5/8 13.95m 14.70m 
Diagonal bracing members 16 CHS168.3/8 8.45m 9.13m 
Hangers 28 CHS168.3/8 3.90m – 9.625m 4.375m – 10.00m 
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Figure 4-1: Elevation view of a single span 
 
Figure 4-2: Arrangement in plan view of the deck’s beams of a single span 
 
Figure 4-3: Plan view of a single span 
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Figure 4-4: Section of the bridge at midspan 
The pier consists of three circular reinforced concrete columns, 8.00m tall, having a circular 
cross section of 1.50m diameter. The distance between the three columns is equal to 7.35m. 
They are connected at the top with a 17.00m long concrete beam, having the cross – section 
of Figure 4-5a. The pier’s foundation consists of eight piles Φ120 and L=25.00m, arranged in 
a grid of orthogonal distances X * Y = 4.00m * 4.90m. The pilecap’s dimensions are 17.70m x 
6.00m and its thickness is 2.00m (Figure 4-5b). The connection of the deck and the pier and 
the abutments is realized with anchored elastomeric bearings type NB4 700x800x275 (150). 
The section of the bridge at the pier is given Figure 4-6. The elevation view of the bridge is 
illustrated in Figure 4-7. 
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(a) (b) 
Figure 4-5: (a) Geometry of the pier in longitudinal section, (b) Geometry of the pier’s pilecap 
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Figure 4-6: Section of the bridge at the pier 
 
Figure 4-7: Elevation view of the bridge 
4.2 Materials 
All steel members are made of S355 structural steel. For the composite deck reinforced 
concrete C35/45 is used, for the sidewalks C20/25, for the pilecap, the columns and the beam 
of the pier C30/37, and for the piles C20/25. The reinforcement steel is B500C. 
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5. MODEL OF THE BRIDGE 
5.1 Model of the bridge 
The main and transverse beams, the transverse bracing members of the arches and the 
arches are modeled with beam elements. Moment releases are applied at the ends of the 
transverse beams. The hangers and the diagonal bracing members of the arches are modeled 
with truss elements. The concrete slab is simulated using shell elements with a thickness of 
25cm, accounting for the mean value of the slab’s thickness. The bearings at the abutments 
and the pier are modeled with equivalent elastic springs, with different stiffness for static and 
seismic combinations. Thus, for the horizontal springs the stiffness of the bearings is [25] – 
[27]: 
Kb,st=
e
g
t
AG 
=900kN/m2x(0.70mx0.80m)/0.15m=3360kN/m (5-1) 
(for static load combinations)  
Kb,st=
e
g
t
AG25.1 
=1.25x900kN/m2x(0.70mx0.80m)/0.15m=4200kN/m (5-2) 
(for displacements under seismic load combinations)  
Kb,st=
e
g
t
AG25.120.1 
=1.20x1.25x900kN/m2x(0.70mx0.80m)/0.15m=5040kN/m (5-3) 
 
(for internal forces under seismic load combinations)  
with A the effective plan area of the bearing, and te the total thickness of the elastomer 
layers. The vertical springs have a stiffness constant equal to: 
Κp = 









b
2i
b
E
1
GS5
1
t
A
 
Κp = 












222 m/kN2000000
1
44.12m/kN90025.15
1
m15.0
m80.0m70.0
2.26x106kN/m  
(5-4) 
where S is the shape factor of the elastomeric bearing equal to: 
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S=A/(Lxte)=0.70mx0.80m/[2x(0.70m+0.80m)x0.015m]=12.44 (5-5) 
with L the perimeter of the bearing and ti the effective thickness of an individual elastomer 
layer and Eb=2000MPa. 
The soil-structure interaction is taken into account with equivalent springs acting on the piles. 
More specifically, the calculated spring constant of a single pile is based on the values shown 
in Figure 5-1. 
 
Figure 5-1: Young modulus E of soil with respect to the piles’ length 
The values of the springs’ stiffness are: 
ks = Es / D  ks = 20000 kΝ/m
3 for the upper 21.00m of the pile (5-6) 
ks = Es / D  ks = 25000 kΝ/m
3 for the remaining 4.00m of the pile (5-7) 
where D is the pile diameter (considered equal to 1.00m if the pile diameter is larger than 
1.00m).  
The elastic length of the pile L is [28]: 
m36.3L
20.120000
64/20.1π1030
Dk
EI
L
25.0
4625.0
s



















  (5-8) 
Thus, l/L =25.00 / 3.36 = 7.44 > 4.00 (where l is the pile’s length that corresponds to the E 
taken into account). For the reduction factors of the springs, the distances of the piles are 
taken into account (aL in the direction of the force and aQ perpendicular to the force) and the 
factors αL and αQΖ are calculated according to DIN4014. In the longitudinal direction the 
reduced values of the springs are (Figure 5-2): 
s
33.1
LQZsi k)α*α(k  = (0.67 x 1.00)
1.33 x 20000 kΝ/m3 = (0.58 x 20000)kΝ/m3 (5-9) 
for the upper 21.00m 
s
33.1
LQZsi k)α*α(k  = (0.67 x 1.00)
1.33 x 25000 kΝ/m3 = (0.58 x 20000)kΝ/m3 (5-10) 
for the remaining 3.00m. 
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In the transverse direction the reduced values of the springs are (Figure 5-3): 
s
33.1
LQZsi k)α*α(k  = (0.76 x 1.00)
1.33 x 20000 kΝ/m3 = (0.69 x 20000)kΝ/m3 (5-11) 
for the upper 21.00m 
s
33.1
LQZsi k)α*α(k  = (0.76 x 1.00)
1.33 x 25000 kΝ/m3 = (0.69 x 25000)kΝ/m3 (5-12) 
for the remaining 3.00m 
 
Figure 5-2: Reduced factors for pile’s horizontal springs in the longitudinal direction 
 
Figure 5-3: Reduced factors for pile’s horizontal springs in the transverse direction 
The vertical spring’s constant for the piles of diameter 1.20m are: 
kv=166000kN/m (5-13) 
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The numerical model of the bridge is shown in Figure 5-4. The finite element analysis software 
that is used is SOFiSTiK [29]. In the following chapters the parameters bear the indicators “tr” 
and “log” representing the transverse and the longitudinal direction, respectively. 
 
Figure 5-4: Model of the bridge 
5.2 Vibration modes and natural frequencies 
The natural frequencies and periods of the first six vibration modes are listed in Table 5-1, 
while Figure 5-5 shows the corresponding modal shapes. 
Table 5-1: Eigenfrequencies and eigenperiods of the bridge 
Mode number Eigenfrequency (Hz) Period (sec) 
1 0.614 1.630 
2 0.657 1.521 
3 0.833 1.200 
4 1.801 0.555 
5 2.190 0.457 
6 2.275 0.440 
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(a) first mode (b) second mode 
 
 
(c) third mode (d) fourth mode 
  
(e) fifth mode (f) sixth mode 
Figure 5-5: Eigenmodes of the bridge 
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6. ANALYSIS PARAMETERS 
6.1 Basic wind velocity 
As a first step, the fundamental value of the basic wind velocity is taken from the National 
Annex as vb,0=33m/s. If road traffic is considered to be acting on the bridge simultaneously 
with the wind, the value attributed to the fundamental value of the basic wind velocity is 
different and equal to vb,0*=23m/s, according to the National Annex. So the basic wind 
velocity is calculated by Eq. (3-1). 
b b,0 dir seasonv v c c 33 1 1 33m / s        for wind action with no traffic loads 
b b,0 dir seasonv * v c c 23 1 1 23m / s        for wind action with traffic loads 
The values calculated in sections 6.3 – 6.10 use the velocity of the wind when there are no 
traffic loads acting on the bridge (vb=33m/s). The results for the basic wind velocity 
vb*=23m/s are presented section 6.11.  
6.2 Roughness and Orography factor 
It is assumed that the bridge is situated in an area with low vegetation such as grass and 
isolated obstacles (Terrain Category II, see Table 3-1), thus z0=0.05m and zmin=2.00m. As far 
as the bridge under investigation is concerned, it has sections in different heights due to its 
arched shape. So, different heights are considered for each member and there are different 
values for the terrain and roughness factors. The reference height for the deck and the pier is 
equal to zdeck=11.10m. For the arch and the hangers the reference height is considered equal 
to: 
arch deck archz z H / 2 11.10 5.00 16.10m      
For the transverse and diagonal bracing members it is assumed equal to: 
brac deck archz z H 11.10 10.00 21.10m      
Eq. (3-4) gives the terrain factor kr for members at different heights. The indicator “deck” is 
used for members at height zdeck (deck, pier), the indicator “arch” respectively is used for the 
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members of the arch and the hangers and finally, the indicator “brac” is used for the 
transverse and diagonal bracings. 
0.07 0.07
0
r
0,II
z 0.05m
k 0.19 0.19 0.19
z 0.05m
   
           
  
Accordingly, Eq. (3-3) gives the roughness factor cr for the different heights: 
deck
r,deck r
0
z 11.10m
c k ln 0.19 ln 1.027
z 0.05m
   
       
  
 
arch
r,arch r
0
z 16.10m
c k ln 0.19 ln 1.097
z 0.05m
   
       
  
 
brac
r,brac r
0
z 21.10m
c k ln 0.19 ln 1.149
z 0.05m
   
       
  
 
In the transverse direction, the cross section of the valley is considered unchangeable, which 
means that the slope of the ground in this direction is assumed as equal to 0.00 Thus, 
according to Eq. (3-5), the contribution of the orography in the transverse direction is 
considered negligible and c0,tr=1.0. 
6.3 Peak velocity presure acting in the transverse direction 
The mean wind velocity in the transverse direction is calculated by Eq. (3-2): 
m,deck,tr b 0,tr r,deckv v c c 33m / s 1.0 1.027 33.87m / s        
m,arch,tr b 0,tr r,archv v c c 33m / s 1.0 1.097 36.01m / s        
m,brac,tr b 0,tr r,bracv v c c 33m / s 1.0 1.149 37.90m / s        
According to Eq. (3-16), the turbulence intensity in the transverse direction is: 
I
v,deck,tr
deck
0,tr
0
k 1
I 0.185
z 11.10m
c ln 1.0 ln
z 0.05m
  
   
    
   
 
I
v,arch,tr
arch
0,tr
0
k 1
I 0.173
z 16.10m
c ln 1.0 ln
z 0.05m
  
   
    
   
 
I
v,brac,tr
brac
0,tr
0
k 1
I 0.165
z 21.10m
c ln 1.0 ln
z 0.05m
  
   
    
   
 
Finally, the peak velocity pressure is calculated using Eq. (3-15): 
2
p,deck,tr v,deck,tr m,deck,tr
3 2 2
1
q (1 7 I ) ρ v
2
1
(1 7 0.185) 0.00125Mg / m (33.87m / s) 1.65KN / m
2
      
      
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2
p,arch,tr v,arch,tr m,arch,tr
3 2 2
1
q (1 7 I ) ρ v
2
1
(1 7 0.173) 0.00125Mg / m (36.01m / s) 1.81KN / m
2
      
      
 
2
p,brac,tr v,brac,tr m,brac,tr
3 2 2
1
q (1 7 I ) ρ v
2
1
(1 7 0.165) 0.00125Mg / m (37.90m / s) 1.94KN / m
2
      
      
 
6.4 Peak velocity pressure acting in the longitudinal direction 
In the direction along the span, it is assumed that there is a valley whose dimensions are 
parameters of this problem and they define the characteristics of the bridge. Figure 6-1 shows 
the assumption concerning the shape of the valley.  
 
Figure 6-1: Cross section of the valley 
The height of the valley is 10m and the lengths of the downwind Ld and upwind Lu slope are 
41.95m. The slope is: 
H 10.00m
0.238 0.30
L 41.95m
      
Αccording to Table 3-2 the effective length is calculated as Le=41.95m. In order to calculate 
the orography factor co for the specific bridge, for wind direction perpendicular to the span, 
Eqs. (3-5) – (3-13) are used. Figure 6-2 presents the distribution of the orography factor 
along the span of the bridge. The final value of the orography factor is calculated as the 
weighted average of the orography factors for x from 0 to 87.60 every 5m which is equal to 
c0,log=1.145. 
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Figure 6-2: Orography factor along the span of the bridge 
For this value of the orography factor, the mean wind velocity in the longitudinal direction is 
calculated by Eq. (3-2): 
m,deck,log b 0,log r,deckv v c c 33m / s 1.145 1.027 38.78m/s        
m,arch,log b 0,log r,archv v c c 33m / s 1.145 1.097 41.45m/s        
m,brac,log b 0,log r,bracv v c c 33m / s 1.145 1.149 43.39m/s        
What is more, the turbulence intensity in the longitudinal direction is calculated using Eq. 
(3-16): 
I
v,deck,log
0,log
0
k 1
I 0.162
11.10mz 1.145 lnc ln
0.05mz
  
   
   
  
 
I
v,arch,log
0,log
0
k 1
I 0.151
16.10mz 1.145 lnc ln
0.05mz
  
   
   
  
 
I
v,brac,log
0,log
0
k 1
I 0.144
21.10mz 1.145 lnc ln
0.05mz
  
   
   
  
 
Finally, the peak velocity pressure is calculated respectively using Eq. (3-15): 
2
p,deck,log v,deck,log m,deck,log
3 2 2
1
q (1 7 I ) ρ v
2
1
(1 7 0.162) 0.00125Mg / m (38.78m / s) 2.00kN / m
2
      
      
 
2
p,arch,log v,arch,log m,arch,log
3 2 2
1
q (1 7 I ) ρ v
2
1
(1 7 0.151) 0.00125Mg / m (41.45m / s) 2.21kN / m
2
      
      
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2
p,brac,log v,brac,log m,brac,log
3 2 2
1
q (1 7 I ) ρ v
2
1
(1 7 0.144) 0.00125Mg / m (43.39m / s) 2.37kN / m
2
      
      
 
Due to the fact that the pier is in the center of the valley, it is not affected by the downwind 
or the upwind slope of the valley and the calculated orography factor is equal to c0,pier,log=1.0. 
So, it would be considered unreasonably unfavorable to calculate the wind forces acting on 
the pier using the mean orography factor. The peak velocity pressure acting on the pier is 
equal to: 
m,pier,log b 0,pier,log r,deckv v c c 33m / s 1.0 1.027 33.87m / s        
I
v,pier,log
deck
0,pier,log
0
k 1
I 0.185
z 11.10m
c ln 1.0 ln
z 0.05m
  
   
    
   
 
2
p,pier,log v,pier,log m,pier,log
3 2 2
1
q (1 7 I ) ρ v
2
1
(1 7 0.185) 0.00125Mg / m (33.87m / s) 1.65KN / m
2
      
      
 
6.5 Reference area for the deck in the transverse direction 
The reference area for the deck for wind in the transverse direction is calculated by Eq. (3-42) 
and according to section 3.3.8 and Figure 6-3: 
 
Figure 6-3: Depth to be used for Aref 
2
ref,tr totA d L (0.90 2.00 0.35)m 87.60m 284.70m        
6.6 Dynamic Factor cscd in the transverse direction 
For the estimation of the wind forces it is necessary to calculate the structural factor cscd, 
according to the process described in section 3.3.3. The width of the bridge is considered 
equal to b=87.60m (see Figure 3-6). According to Figure 3-6, the structural factor can be 
calculated for the whole structure and for wind loads only in the transverse direction of the 
bridge so, in the analysis, the second mode of vibration of the bridge is used (see Figure 5-5) 
with eigenfrequency equal to n1,tr=0.657Hz (see Table 5-1). 
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The turbulent length scale L(ze) is calculated at the level of the deck where the maximum 
mass is concentrated, which is one of the main parameters in a dynamic analysis. So, the 
turbulent length scale L(ze) is described by Eq. (3-22) for ze=11.10m>zmin=2.00m: 
α 0.52
e
e t
t
z 11.10m
L(z ) L 300m 66.66m
z 200.00m
   
     
  
 
where 
α=0.67+0.05ln(z0)=0.52 
with z0=0.05m.  
The non-dimensional frequency determined by Eq. (3-30) is equal to: 
1,tr e
L e 1,tr
m,deck,tr
n L(z ) 0.657Hz 66.66m
f (z ,n ) 1.29
v 33.87m / s
 
    
The non-dimensional frequency is used to calculate the non-dimensional power spectral 
density function SL(ze,n1,tr) as described by Eq. (3-31): 
L e 1,tr
L e 1,tr 5/3 5/3
L e 1,tr
6.8 f (z ,n ) 6.8 1.29
S (z ,n ) 0.1057
(1 10.2 f (z ,n )) (1 10.2 1.29)
 
  
   
 
Finally, for the calculation of the up-crossing frequency ν, the background factor B2 and the 
resonance response factor R2 are calculated. The background factor B2, according to Eq. 
(3-21) is equal to: 
2
0.63 0.63
e
1 1
B 0.478
87.60m 3.25mb h 1 0.91 0.9
66.66mL(z )
  
   
     
  
 
where the reference height is ze=zdeck=11.10m and h=dtot=3.25m (see Figure 6-3) 
At the same time, the resonance response factor R2 according to Eq. (3-23) demands the 
calculation of several separate factors described in Eqs. (3-24) – (3-29). 
h L e 1,tr
e
4.6 h 4.6 3.25m
η f (z ,n ) 1.29 0.290
L(z ) 66.66m
 
      
b L e 1,tr
e
4.6 b 4.6 87.6m
η f (z ,n ) 1.29 7.815
L(z ) 66.66m
 
      
h2 η 2 0.290
h 2 2
h h
1 1 1 1
R (1 e ) (1 e ) 0.832
η 0.2902 η 2 0.290
           
 
 
b2 η 2 7.815
b 2 2
b b
1 1 1 1
R (1 e ) (1 e ) 0.120
η 7.8152 η 2 7.815
           
 
 
Taking into account a damping ratio equal to δ=3%, which is recommended for the dynamic 
analyses of arch bridges according to a publication on “Experimental frequencies and damping 
ratios for historical masonry arch bridges” [30], the resonance factor R2 is calculated to: 
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2 2
2
L e 1,tr h h b b
π π
R S (z ,n ) R (η ) R (η ) 0.1057 0.832 0.120 1.733
2 δ 2 0.03
        
 
 
2
1,tr 2 2
R 1.733
v n 0.657Hz 0.58Hz
0.478 1.733B R
    

 
According to Eq. (3-32) the peak factor kp is: 
p
0.6 0.6
k 2 ln(v T) 2 ln(0.58Hz 600s) 3.60
2 ln(v T) 2 ln(0.58Hz 600s)
        
   
 
Finally, the structural factor cscd, described by Eq. (3-18) is equal to: 
2 2
p v,deck,tr
s d
v,deck,tr
1 2 k I B R 1 2 3.60 0.185 0.478 1.733
c c 1.298
1 7 I 1 7 0.185
         
  
   
 
The dynamic factor is calculated as cscd=1.30 which leads to an increase of 30% of the static 
loads taking into consideration the dynamic phenomena due to dynamic wind loading. 
6.7 Calculation of the end-effect factor 
For the different members of the bridge there is a need to calculate the end-effect factor ψλ 
with the assistance of Table 3-3 and Figure 3-11. The effective slenderness λ is calculated for 
circular cross sections and for positioning of the steel members according to category 1 and 
positioning of the pier according to category 4 of Table 3-3. Τhe calculation of the effective 
slenderness of the arch requires linear interpolation as 15< =47.70<50m. Furthermore, the 
value of the end-effect factor is taken from Figure 3-11 for solidity ratio φ=1. It should be 
mentioned that only three lengths of hangers are taken into consideration as the middle 
hangers (the ones with lengths equal to 10m and 9.37m respectively) have the same effective 
slenderness in the accuracy provided by Figure 3-11. Figure 6-4 shows the length of the 
members, taken into account, while the results are presented in Table 6-1. 
 
Figure 6-4: Dimensions used for the calculation of the effective slenderness of the steel members of the 
bridge 
 
Table 6-1: Effective Slenderness and end-effect factor for the members with circular cross sections 
Member  b λ ψλ 
Arch 47.70 0.75 45.8 0.87 
Hangers1 4.375 0.1683 26.0 0.80 
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Hangers2 7.50 0.1683 44.6 0.86 
Hangers3 9.375 0.1683 55.7 0.89 
Transverse Bracings 14.70 0.2445 60.1 0.88 
Diagonal Bracings 9.13 0.1683 54.2 0.88 
Pier 8.00 1.50 5.3 0.67 
6.8 Calculation of wind-induced forces in the transverse direction 
For the calculation of the external pressures on the different members, the force coefficient 
for the transverse direction is needed. For this purpose, the force coefficient of the deck is 
defined by Eq. (3-34), whereas Eqs. (3-35) - (3-36) are used for the force coefficient of the 
steel members and the pier. EN 1991 Part 1-4 [3] proposes for the deck a value of cftr,0=1.3 or 
alternatively, the use of Figure 3-10. For a bridge with barriers and traffic this coefficient is 
estimated as equal to cftr,0=1.15 while for a bridge under construction this coefficient is equal 
to cftr,0=1.3. However, due to the fact that the difference between the two values is small the 
most unfavorable is being used in the calculations, thus cftr,0=1.3. The force coefficient without 
free-end flow of the other members of the structure, due to their circular shape, depends on 
the Reynolds coefficient (Re) and is described by Eqs. (3-38) – (3-40). It is also assumed that 
the members of the bridge are made of galvanized steel and the piers are made of smooth 
concrete, so k=0.2mm according to Table 3-4. 
For the arches the Reynolds number and the force coefficient without free-end flow are: 
ρ
ν
2
p,arch,tr
3
6
arch,tr 6 2
2 q 2 1.81kN / m
0.75mb
0.00125Mg / m
Re 2.69 10
15 10 m / s
 

   

 
ftr,arch,0 6
arch,tr
6 6
10 k 10 0.2mm
0.18 log 0.18 log
b 750mm
c 1.2 1.2 0.80
Re 2.69 10
1 0.4 log 1 0.4 log
10 10
    
    
   
    
   
         
   
 
For the three types of hangers the Reynolds number and the force coefficient without free-end 
flow are: 
2
p,arch,tr
3
5
hang,tr 6 2
2 q 2 1.81kN / m
0.1683mb
0.00125Mg / m
Re 6.04 10
15 10 m / s
 


   
 
 
ftr,hang,0 5
hang,tr
6 6
10 k 10 0.2mm
0.18 log 0.18 log
b 168.3mm
c 1.2 1.2 0.82
Re 6.04 10
1 0.4 log 1 0.4 log
10 10
    
    
   
    
   
         
   
 
The transverse bracings are not affected by wind in the transverse direction as they do not 
have projected area in this direction. For the diagonal bracing members: 
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2
p,brac,tr
3
5
dbrac,tr 6 2
2 q 2 1.94kN / m
0.1683mb
0.00125Mg / m
Re 6.25 10
15 10 m / s
 


   
 
 
ftr,dbrac,0 5
dbrac,tr
6 6
10 k 10 0.2mm
0.18 log 0.18 log
b 168.3mm
c 1.2 1.2 0.82
Re 6.25 10
1 0.4 log 1 0.4 log
10 10
    
    
   
    
   
         
   
 
Finally, for the piers: 
ρ
ν
2
p,deck,tr
3
6
pier,tr 6 2
2 q 2 1.65kN / m
1.50mb
0.00125Mg / m
Re 5.13 10
15 10 m / s
 

   

 
ftr,pier,0 6
pier,tr
6 6
10 k 10 0.2mm
0.18 log 0.18 log
b 1500mm
c 1.2 1.2 0.80
Re 5.13 10
1 0.4 log 1 0.4 log
10 10
    
    
   
    
   
         
   
 
According to Eq. (3-36) the force coefficient cftr also depends on the factor κ used for vertical 
cylinders in a row arrangement. In this specific application, regarding the transverse direction 
of the wind, the only members affected by this factor are the hangers. According to Table 3-5 
and Figure 4-1: 
3.5<a/b=31.19>30 
So, κ=1.00 
Thus, Table 6-2 summarizes the values of the force coefficient for the different members of 
the structure. 
Table 6-2: Force coefficient for the transverse direction 
Member Re cftr,0 ψλ cftr 
Deck - 1.30 - 1.30 
Arch 2.69E+06 0.80 0.87 0.70 
Hangers1 6.04E+05 0.82 0.80 0.66 
Hangers2 6.04E+05 0.82 0.86 0.71 
Hangers3 6.04E+05 0.82 0.89 0.73 
Transverse Bracings - - 0.88 - 
Diagonal Bracings 6.25E+05 0.82 0.88 0.72 
Pier 5.13E+06 0.80 0.67 0.54 
The wind forces act on the deck of the bridge as surface loads and they are calculated by Eq. 
(3-14): 
2 2
f,deck,tr s d p,deck,tr ref ,tr 2
w,deck,tr
1.30 1.298 1.65kN / m
0.616kN / m
c c c q A 284.70m
f
b L 87.6m 14.70m
 

   
 
 
 
Respectively, the wind forces acting on the arches are: 
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2
w,arch,tr f ,arch,tr s d p,arch,tr 0.70 1.298 1.81kN / m 0.75m 1.233kN / mf c c c q b          
The linear distributed forces acting on the hangers in the transverse direction are: 
2
w,hang1,tr f ,hang1,tr s d p,arch,tr 0.66 1.298 1.81kN / m 0.1683m 0.261kN / mf c c c q b          
2
w,hang2,tr f ,hang2,tr s d p,arch,tr 0.71 1.298 1.81kN / m 0.1683m 0.281kN / mf c c c q b          
2
w,hang3,tr f ,hang3,tr s d p,arch,tr 0.73 1.298 1.81kN / m 0.1683m 0.289kN / mf c c c q b          
The wind forces acting on the diagonal bracings are equal to: 
2
w,dbrac,tr f ,dbrac,tr s d p,brac,tr 0.72 1.298 1.94kN / m 0.1683m 0.306kN / mf c c c q b          
Finally, the forces acting on the piers in the transverse direction are: 
2
w,pier,tr f ,pier,tr s d p,deck,tr 0.54 1.298 1.65kN / m 1.50m 1.735kN / mf c c c q b          
6.9 Calculation of wind-induced forces in the longitudinal direction 
Due to the fact that all members have circular cross sections, Eq. (3-14) and the same 
reference area (see section 6.8) are used for the forces in the longitudinal direction. The only 
exception is the deck of the bridge, where the induced forces in the longitudinal direction are 
calculated as a percentage of 25% of the forces in the transverse direction. This is an 
assumption proposed by EN 1991 Part 1-4 [3] also described in section 3.3.11. Another 
difference is the distance factor κ (see Table 3-5), in this case introduced for the piers, for 
which, according to Table 3-5 and Figure 4-6: 
3.5<a/b=4.90<30 and: 
a
210
210 4.90bκ 1.14
180 180


    
Eqs. (3-38) – (3-40) are used, taking into account the peak velocity pressures calculated in 
section 6.4. Table 6-3 summarizes the results for the longitudinal direction. 
Table 6-3: Force coefficient for the longitudinal direction 
Member Re cflog,0 ψλ κ cflog 
Deck - 1.30 - - 1.30 
Arch 2.97E+06 0.81 0.87 - 0.70 
Hangers1 6.67E+05 0.83 0.80 - 0.66 
Hangers2 6.67E+05 0.83 0.86 - 0.71 
Hangers3 6.67E+05 0.83 0.89 - 0.74 
Transverse Bracings 1.00E+06 0.82 0.88 - 0.72 
Diagonal Bracings 5.73E+05 0.83 0.88 - 0.73 
Pier 5.13E+06 0.80 0.67 1.14 0.61 
The wind forces acting on the deck in the longitudinal direction are calculated by Eq. (3-14): 
2 2
w,deck,log w,deck,trf 0.25 f 0.25 0.616kN / m 0.154kN / m      
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The forces in the longitudinal direction are calculated respectively to the loads in the 
transverse direction, as described in section 6.8. The wind load on the arches is equal to: 
2
w,arch,log f,arch,log p,arch,logf c q b 0.70 2.21kN / m 0.75m 1.16kN / m        
Respectively, the wind forces acting on the hangers are: 
2
w,hang1,log f,hang1,log p,arch,logf c q b 0.66 2.21kN / m 0.1683m 0.25kN / m       
2
w,hang2,log f,hang2,log p,arch,logf c q b 0.71 2.21kN / m 0.1683m 0.26kN / m       
2
w,hang3,log f,hang3,log p,arch,logf c q b 0.74 2.21kN / m 0.1683m 0.27kN / m        
The wind forces acting on the diagonal and transverse bracing members are: 
2
w,dbrac,log f,dbrac,log p,brac,logf c q b 0.73 2.37kN / m 0.1683m 0.29kN / m        
2
w,tbrac,log f,tbrac,log p,brac,logf c q b 0.76 2.37kN / m 0.2445m 0.42kN / m        
And finally, the forces acting on the piers in the longitudinal direction are: 
2
w,pier,log f,pier,log p,pier,logf c q b 0.61 1.65kN / m 1.50m 1.51kN / m        
6.10 Calculation of wind-induced forces in the z direction 
For the calculation of the force coefficient in z direction, the values of the peak velocity 
pressure of the most unfavorable wind direction are used, which in this case are the values of 
the peak velocity pressure in the longitudinal direction. Again as mentioned in section 6.9 due 
to the fact that all members have circular cross sections, the equations used for the 
calculation of the coefficient cf,deck,z,0 are again Eqs. (3-38) – (3-40). The only exception is the 
deck of the bridge, where the induced forces in z direction are calculated using a force 
coefficient cf,deck,z=0.90 and a different reference area. The reference area for the deck in the 
z direction is: 
2
ref,zA 14.70 87.60 1287.72 m    
Table 6-4 summarizes the results of the force coefficients for the different members of the 
structure. The members which do not appear on this Table do not have a projected area for 
the loads in the z-direction to act on. 
Table 6-4: Force coefficient for the z direction 
Member Re cfz,0 ψλ cfz 
Deck - 0.90 - 0.90 
Arch 2.97E+06 0.81 0.87 0.70 
Transverse Bracings 1.00E+06 0.82 0.88 0.72 
Diagonal Bracings 5.73E+05 0.83 0.88 0.73 
The wind forces in the z direction for the deck are calculated by Eq. (3-14): 
2 2
f,deck,z p,deck,log ref ,z 2
w,deck,z
c q A 0.90 2.00kN / m 1287.72m
f 1.80kN / m
b L 87.6m 14.70m
   
  
 
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The wind forces acting on the arch are: 
2
w,arch,z f,arch,z p,arch,logf c q b 0.70 2.21kN / m 0.75m 1.16kN / m        
Finally, the wind forces acting on the diagonal and transverse bracing members are equal to: 
2
w,dbrac,z f,dbrac,z p,brac,logf c q b 0.73 2.37kN / m 0.1683m 0.29kN / m        
2
w,tbrac,z f,tbrac,z p,brac,logf c q b 0.72 2.37kN / m 0.2445m 0.42kN / m        
6.11 Calculation of the forces for the bridge with traffic loads 
The difference in wind velocity mainly affects the force coefficients and the resulting forces. 
On the contrary, the end-effect factor remains the same as it is only affected by the 
dimensions of the cross section and the geometry of the bridge. Table 6-5 – Table 6-7 
summarize the results of the calculations according to the procedure for the calculation of the 
wind forces in the transverse and the longitudinal direction presented in sections 6.3 – 6.10 
but for a basic wind velocity equal to vb*=23m/s as defined in the National Annex. 
For the transverse wind direction: 
Table 6-5: Forces in the transverse direction 
Member ψλ qp,tr  Re cftr,o cfx f w,tr 
Deck - 0.80 - 1.30 1.30 0.26kN/m2 
Arch 0.87 0.88 1.88E+06 0.78 0.68 0.50kN/m 
Hangers1 0.80 0.88 4.21E+05 0.79 0.63 0.11 kN/m 
Hangers2 0.86 0.88 4.21E+05 0.79 0.68 0.11 kN/m 
Hangers3 0.89 0.88 4.21E+05 0.79 0.70 0.12 kN/m 
Diagonal Bracings 0.88 0.94 3.61E+05 0.79 0.70 0.12 kN/m 
Pier 0.67 0.80 3.58E+06 0.78 0.52 0.80 kN/m 
For the longitudinal wind direction: 
Table 6-6: Forces in the longitudinal direction 
Member ψλ qp,log Re cflog,o κ cflog fw,log 
Deck - 0.97 - 1.30 - 1.30 0.05kN/m2 
Arch 0.87 1.07 2.07E+06 0.79 - 0.69 0.55kN/m 
Hangers1 0.80 1.07 4.65E+05 0.80 - 0.64 0.12kN/m 
Hangers2 0.86 1.07 4.65E+05 0.80 - 0.69 0.12kN/m 
Hangers3 0.89 1.07 4.65E+05 0.80 - 0.71 0.13kN/m 
Transverse Bracings 0.88 1.15 6.99E+05 0.80 - 0.70 0.07kN/m 
Diagonal Bracings 0.88 1.15 3.99E+05 0.80 - 0.70 0.14kN/m 
Pier 0.67 0.97 3.95E+06 0.78 1.14 0.60 0.87kN/m 
 
 
Finally, for the z direction: 
Table 6-7: Forces in z direction 
Member ψλ qp,z Re cfz,o cfz fw,z 
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Deck - 0.97 - 1.30 1.30 0.88kN/m2 
Arch 0.87 1.07 2.07E+06 0.79 0.69 0.55kN/m 
Transverse Bracings 0.88 1.15 6.99E+05 0.80 0.70 0.80kN/m 
Diagonal Bracings 0.88 1.15 3.99E+05 0.80 0.70 0.14kN/m 
6.12 Seismic response spectra 
 In order to define seismic actions the design spectrum of EN 1998 Part 1 [31] in 
accordance with EN 1998 Part 2 [32] is taken into consideration, for soil type B, soil 
factor S=1.20 and peak ground acceleration PGA=0.24g, with the following 
characteristics: 
 peak ground acceleration at outcropping bedrock PGA = 0.24g 
 Additionally, the following parameters are considered: 
 Behavior factor    qh=1.50, qv=1.00 
 Damping correction factor  
10
n 1.118
5 3
 

 
 Peak ground acceleration   PGAh=0.24g, PGAv=0.90*0.24g=0.216g 
 Periods for horizontal component (ΤB=0.150, ΤC=0.50, TD=2.00, S=1.20) 
 Periods for vertical component  (ΤB=0.05, ΤC=0.15, TD=1.00) 
6.13 Modal response spectrum analysis 
A modal analysis is performed to calculate the natural frequencies and vibration modes of the 
bridge. The inertial effects of the design seismic action are evaluated by taking into account 
the presence of the masses associated with all gravity loads appearing in the following 
combination of actions: 
kj E ki
j 1 i 1
G " " Q
 
      
where ψΕ=0.20 for road traffic loads 
It is ensured that the sum of the effective modal masses for the modes taken into account is 
at least 90% of the total mass of the structure. The total mass does not include the piles’ 
mass. The maximum displacements, internal loads and stresses are superimposed according 
to CQC (Complete Quadratic Combination) method. 
6.14 Load Cases  
The load cases considered are the following: 
LC 1: Self weight 
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LC 2: Superimposed 
Pavement and future layer: g=0.20mx24kN/m3+0.50kN/m2=5.30kN/m2  
Each sidewalk with parapets: g= (0.33m2x25kN/m3 + 0.95kN/m) / 1.25m = 7.36kN/m 
Earth weight on the pilecap  g=0.50m x 20 kN/m3= 10kN/m2. 
LC 3: Shrinkage and creep 
An equivalent uniform decrease of temperature is used to simulate the shrinkage of the 
concrete slab, equal to -13o.  
LC 7: Wind action in the transverse direction - With Traffic 
Considering a wind velocity vb=23m/sec, a uniform load is applied at the members of the 
bridge towards the transverse direction (depending on their exposed dimension). The values 
are presented in Table 6-5. 
LC 8: Wind action in the longitudinal direction - With Traffic 
Similarly, considering a wind velocity vb=23m/sec, a uniform load is applied at the members of 
the bridge towards the longitudinal direction. The values are presented in Table 6-6. 
LC 9: Wind action z-With Traffic 
Considering a wind velocity vb=23m/sec, a uniform load is applied at the members of the 
bridge towards +z. The values are presented in Table 6-7. 
LC 15-16: Uniform difference of temperature on deck  
Considering an initial temperature T0=+10
oC, a minimum shade air temperature Tmin=-15
oC 
and a maximum one Tmax=+45
oC, the uniform temperature components are determined by EN 
1991  Part 1-5 [33] for a composite bridge (Type 2) and are equal to Te,min=-11
oC and 
Te,max=+49
oC. Thus: 
ΔΤΝ,con=T0-Te,min=-21
oC, ΔΤΝ,exp= Te,max - T0 =+39
oC 
The temperature variations are applied on the steel members of the superstructure and the 
slab of the deck. 
LC 17: Wind action in the transverse direction - No Traffic 
Considering a wind velocity vb=33m/sec, a uniform load is applied at the members of the 
bridge towards the transverse direction (depending on their exposed dimension). The values 
are presented in section 6.8. 
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LC 18: Wind action in the longitudinal direction - No Traffic 
Similarly, considering a wind velocity vb=33m/sec, a uniform load is applied at the members of 
the bridge towards the longitudinal direction. The values are presented in section 6.9. 
LC 19: Wind action z- No Traffic 
Considering a wind velocity vb=33m/sec, a uniform load is applied at the members of the 
bridge towards +z. The values are presented in section 6.10. 
LC 10, 11, 12: Settlement of 10cm at the pier and the abutments 
LC 20-99: Tandem System of Traffic Load Model 1 [34] 
The carriageway width is 11.25m, thus, three lanes are considered with width 3.00m and a 
tandem system is applied at varied positions of the bridge, as: 
Lane 1: 0.9*150kN=135kN/wheel (four wheels) 
Lane2: 0.9*100kN=90kN/wheel (four wheels) 
Lane3: 0.9*50kN=45kN/wheel (four wheels) 
LC 101-103: UDL System of Traffic Load Model 1 [34] 
A distributed load is applied on the deck equal to 2.5kN/m2 
LC 121-123, 141-143: UDL System of Traffic Load Model 1 [34] 
At Lane 1 an additional distributed load is applied, equal to 6.5kN/m2. 
LC600: Uniform road traffic loads [32] 
This load case is used for the seismic combinations, taking into account Load Model 1. 
LC2010: Earthquake x-x 
LC2011: Earthquake y-y 
LC2012: Earthquake z-z 
6.15 Load Combinations at Ultimate Limit State (ULS) 
The load combination at ULS, according to EN 1990 [35] is described as: 
kiι0
1i
Qi1k1Qkkj
1j
Gj Qψγ""Qγ""P""Gγ  

 
(6-1) 
where the partial factors γG and γQ are listed in Table 6-8: 
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Table 6-8: Partial factors for actions in ULS 
Action Contribution Factor S/V Α 
Permanent actions unfavourable γGsup 1.35
 1.00 
 favourable γGinf 1.00 1.00 
Traffic loads  unfavourable γQ 1.35 1.00 
 favourable γQ 0.00 0.00 
Settlements unfavourable γQ 1.20 0.00 
 favourable γQ 0.00 0.00 
Other variable actions unfavourable γQ 1.50 1.00 
 favourable γQ 0.00 0.00 
Accidental actions unfavourable γΑ --- 1.00 
S: Persistent design situation, V: Transient design situation, Α: Accidental design situation 
The National Annex clearly states that no thermal or braking loads need to be considered 
simultaneously with the wind loads. So, load combinations 1100, 1200, 2100 and 2200 do not 
take into consideration these loads. 
The following ULS load combinations are considered: 
LC 1100 and 1200: This combination includes the following load cases: 
LC1    Self weight 
+LC2    Superimposed 
+LC3    Shrinkage 
+LC7 or LC8   Wind action ±x or ± y (With traffic) 
+LC9    Wind action ±z (With traffic) 
+LC10, 11, 12 Settlements at the pier and the abutments  
(only for the design of superstructure) 
+LC20-99   Tandem System (LM1) 
+LC101-103   UDL 2.5kN/m2 (LM1) 
+LC121-123 or 141-143  UDL 6.50kN/m2 (LM1) 
LC 2100 and 2200: This combination includes the following load cases: 
LC1    Self weight 
+LC2    Superimposed 
+LC3    Shrinkage 
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+LC17 or LC18   Wind action ±x or ± y (No traffic) 
+LC19    Wind action ±z (No traffic) 
+LC10, 11, 12 Settlements at the pier and the abutments  
(only for the design of superstructure) 
6.16 Seismic Load Combinations 
The seismic load combination is described as: 
kj Ei ki
j 1 i 1
G " " Q " "E
 
       
where Q are the variable loads, including traffic and thermal loads, while E represents the 
following earthquake combinations  
ΕEdx ''+" 0.30 ΕEdy "+" 0.30 ΕEdz 
0.30 ΕEdx ''+" ΕEdy "+" 0.30 ΕEdz 
0.30 ΕEdx ''+" 0.30 ΕEdy "+" ΕEdz 
The ψE factors for the variable loads are listed in Table 6-9. 
Table 6-9: Factors ψE for seismic load combinations 
Actions Symbol ψE 
Traffic load Gr1 (LM1) 
TS 0.20 
UDL 0.20 
 Gr2 (LM2)  0.00 
Thermal actions   0.50 
Horizontal forces   0.00 
Wind forces   0.00 
The load cases included in the seismic load combinations are: 
LC 4000: This combination concerns the pier’s columns and the superstructure. It includes 
the following load cases: 
LC1    Self weight 
+LC2    Superimposed 
+LC3    Shrinkage 
+LC600    Uniform traffic load 
+LC15, 16   Thermal loads 
+LC2010 (1.0 or 0.3)/1.50 Earthquake Χ 
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+LC2011 (1.0 or 0.3)/1.50 Earthquake Y 
+LC2012 (1.0 or 0.3)  Earthquake Z 
LC 4100: This combination concerns the pier’s piles and pilecap. It includes the following load 
cases: 
LC1    Self weight 
+LC2    Superimposed 
+LC3    Shrinkage 
+LC600    Uniform traffic load 
+LC15, 16   Thermal loads 
+LC2010 (1.0 or 0.3)  Earthquake Χ 
+LC2011 (1.0 or 0.3)  Earthquake Y 
+LC2012 (1.0 or 0.3)  Earthquake Z 
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7. BRIDGE RESPONSE 
This chapter studies the response of the bridge under the load cases and load combinations 
described in sections 6.14 – 6.16. The internal actions of all the steel and composite members 
of the bridge are identified and all the necessary checks are performed in order to satisfy the 
safety and operational requirements described in the EN 1993 and EN 1994 ([36] – [40]). 
7.1 Arches 
For the design of the arches, first a buckling analysis is conducted with a model that includes 
one main beam, one arch and the hangers (Figure 7-1). The supports at the ends of the main 
beam are considered as pinned. For a distributed vertical load equal to 100kN, applied at the 
main beam, the normal force of the arch is presented in Figure 7-2. The mean value of the 
normal force along the arch is N=2516kN. The first buckling mode of the arch is the in plane 
one and it is shown in Figure 7-3. The second one, illustrated in Figure 7-4, concerns the out 
of plane buckling. For the first mode the buckling factor is equal to 14.34, while for the second 
one is 24.25. Thus the critical force of force Ncr in the arch for in plane buckling is Ncr,y=14.34 
x 2516kN=36073kN, while for out of plane buckling Ncr,z=24.25 x 2516kN = 61013kN. 
 
Figure 7-1: Model and load for buckling analysis of the arch 
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Figure 7-2: Normal force of the arch due to distributed vertical load applied at the main beam 
 
Figure 7-3: The first buckling mode of the arch 
 
Figure 7-4: The second buckling mode of the arch 
Alternatively, according to Annex D, §D.3 of EN 1993 Part 2 [37], the buckling length factor β 
can be estimated by Figure 7-5. Thus, for f=10.00m, l=42.00, f/l=0.24 and m=7, factor β is 
equal to 0.55 and the critical force of force Ncr in the arch for in plane buckling is expressed 
as: 
2 2
2 4
cr
π π
N EI 210.000.000kN / m 0.00306m 36859kN
βs 0.55 23.85m
   
       
  
 
where s=23.85m is the half length of the arch and EI is the in plane flexural stiffness of the 
arch, with: 
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4 4
4
π (0.75m) (0.71m)
I 0.00306m
64
  
 
   
 
Figure 7-5: Buckling length factor β of arches with a tension tie and hangers 
The critical force estimated by this procedure approaches the results of the buckling analysis. 
Thus, for the check of the arches the critical force in the arches will be considered equal to 
Ncr=36073kN. 
The non-dimensional slenderness is calculated as: 
2 2
y
cr
Af 458.67cm 35.5kN / cm
λ 0.67
N 36073kN

    
The reduction factor χ for buckling curve c (cold formed hollow sections) is equal to χ=0.742 
and the design buckling resistance of the arches is: 
2 2
y
b,Rd
Μ1
χAf 0.74 458.67cm 35.5kN / cm
N 10953.87kN
γ 1.10
 
    
Since circular hollow sections are not susceptible to lateral torsional buckling, χLT=1.10. 
Considering also conservatively kyy=kyz=1.0, all elements of the arches should satisfy: 
y,Ed z,EdEd
b,Rd Rd
M MN
EF 1.00
N M

    
where  
3 2
pl y
Rd
Μ1
W f 10660.67cm 35.5kN / cm
M 344049kNcm
γ 1.10

    
The maximum compression force and the maximum bending moment MEd,y are observed for 
Load Combination 1100 respectively. Figure 7-6 illustrates the diagrams of the maximum axial 
force and the corresponding bending moments, while in Figure 7-7 the maximum bending 
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moment MEd,y with the corresponding axial force and bending moment MEd,z are plotted. The 
maximum exploitation factor for the arches is EF=0.58<1.00. 
 
 
 
Figure 7-6: Internal forces for the load combination with the maximum axial force at the arches 
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Figure 7-7: Internal forces for the load combination with the maximum bending moment at the arches 
7.2 Transverse bracing members 
The non-dimensional slenderness for the transverse bracing members is calculated as: 
2 2
y
2 4
AfL 1470cm 59.44cm 35.5kN / cm
λ 2.30
π ΕΙ π 21000kN / cm 4160cm

  

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and the reduction factor χ for buckling curve c is χ=0.15. Thus, the design buckling resistance 
of the transverse bracing members is: 
2 2
y
b,Rd
Μ1
χAf 0.17 59.44cm 35.5kN / cm
N 326.11kN
γ 1.10
 
    
The maximum compression force at the transverse bracing members is developed for the 
Load Combination 4100 and it is equal to NEd=209.0kN<Nb,Rd. For this combination the 
bending moment is negligible (Figure 7-8). The maximum bending moment appears for the 
seismic Load Combination 1100. For this combination, the internal forces are NEd=62.60kN 
(tensile force), My,Ed=39.45kNm, Mz,Ed=18.52kNm (Figure 7-9). Since the following criterion is 
satisfied: 
NEd=62.60<0.25 x Npl,Rd=0.25 x 2110.12kN=527.53kN 
no effect of the axial force is taken into account. Hence: 
2 2 2 2
y,Ed z,Ed
Rd Rd
M M 3945kNcm 1852kNcm
0.091 1.00
M M 14446.20kNcm 14446.20kNcm
       
           
        
 
where 
3 2
pl y
Rd
Μ1
W f 447.63cm 35.5kN / cm
M 14446.20kNcm
γ 1.10

    
Since circular hollow sections are not susceptible to lateral torsional buckling, χLT=1.10. 
Considering also conservatively kyy=kyz=1.0, the transverse bracing members should satisfy: 
y,Ed z,EdEd
b,Rd Rd
M MN 209.0kN 3233kNcm 647kNcm
EF 1.00 EF 0.91 1.00
N M 326.11kN 14446.20kNcm
 
         
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Figure 7-8: Internal forces for the load combination with the maximum bending moment at the 
transverse bracing members 
BRIDGE RESPONSE 73 
INVESTIGATION OF THE INFLUENCE OF WIND AND ITS CHARACTERISTIC PARAMETERS IN 
THE DESIGN OF A STEEL ARCH BRIDGE 
 
 
 
Figure 7-9: Internal forces for the load combination with the maximum bending moment at the 
transverse bracing members 
7.3 Diagonal bracing members 
The non-dimensional slenderness for the diagonal bracing members is calculated as: 
74 Chapter 7 
Diploma Thesis of Eleni Kontosi N.T.U.A. 2015 
2 2
y
2 4
AfL 913cm 40.29cm 35.5kN / cm
λ 2.106
π ΕΙ π 21000kN / cm 1297.27cm

  

 
and the reduction factor χ for buckling curve c is χ=0.203. Thus, the design buckling 
resistance of the diagonal bracing members is: 
2 2
y
b,Rd
Μ1
χAf 0.203 40.29cm 35.5kN / cm
N 263.43kN
γ 1.10
 
    
The maximum compression force at the diagonal bracing members is developed for the 
seismic Load Combination 4000 and it is equal to NEd=210.70kN<Nb,Rd (Figure 7-10). 
 
Figure 7-10: Maximum axial forces at the diagonal bracing members 
7.4 Hangers 
The design tension resistance of the hangers is: 
2 2
y
t,Rd
Μ0
Af 40.29cm 35.5kN / cm
N 1430.30kΝ
γ 1.0

    
The maximum tension force at the hangers is developed for Load Combination 1100 and it is 
equal to NEd=1224kN<Nt,Rd. 
 
Figure 7-11: Maximum axial forces at the hangers 
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7.5 Transverse Beams 
During the pooring of the concrete slab the bending moment at the transverse beams due to 
its weight and the weight of the slab is M=521.90kNm. In Figure 7-12 the load of the slab 
applied on the transverse beams is illustrated and the bending moments of these beams due 
to self weight of the steel members and the slab are also shown.  
 
Figure 7-12: Load of the slab and bending moments at the transverse beams during construction 
Taking into account a permanent load 0.75kN/m2 and a variable load 0.75kN/m2 during 
construction, the distributed load and the bending moment due to this load will be: 
p=0.75 kN/m2 x 2.625m=1.97kN/m 
 
2
1.97kN / m 14.70m
M 53.21kNm
8

   
and the design bending moment is: 
MEd=1.35 x (52190kNcm+5321kNcm)+1.50 x 5321kNcm=85621.35kNcm 
The critical lateral torsional buckling moment is: 
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0,5
22 2
2z w T T
cr 1 2 g 3 j 2 g 3 j2 2
w zT z
π ΕΙ I (kL ) GIk
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k I(kL ) π ΕΙ
             
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kN
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0,5
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4
2 4
2
kN
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kN1,0 15820cm π 21000 15820cm
cm
  
      
        
    
    
 
=121395.16kNcm 
where zα=90cm/2=45cm, zs= zj=0, zg=zα-zs=45cm, k= kw=1.00  
2
2E 21000kN / cmG
2(ν 1) 2(0.3 1
8077kN / cm
)
  
 
 
C1=1.132, C2 =0.459, C3 =0.525, IΤ=1137cm
4, Iz=15820cm
4, Ιw =29460000cm
6, LΤ=1470cm 
The non-dimensional slenderness for the transverse beams is calculated as: 
3 2
pl,y y
LT
cr
W f 12580cm 35.5kN / cm
λ 1.92
M 121395.16kNcm

    
For h/b=90cm/30cm=3>2, the lateral torsional buckling curve is b, thus, χLT=0.225. The 
design buckling resistance moment of a laterally unrestrained beam is taken as: 
3 2
pl,y y
b,Rd LT
M1
W f 12580cm 35.5kN / cm
M χ 0.225 91347.95kNcm
γ 1.10

     
>MEd=85621.35kNcm 
The maximum bending moment for the beams laterally restrained due to the concrete slab is 
calculated for Load Combination 1100 and it is equal to MEd,y=1967kNm. For the same 
combination the axial tensile force is NEd=2913kN, while the bending moment MEd,z is 
negligible at the element with the maximum MEd,y (Figure 7-13). The following criteria are 
satisfied: 
NEd=2913kN<0.25 x Npl,Rd=0.25 x 371.3cm
2 x 35.5kN/cm2=0.25 x 13181.15kN=3295.30kN 
2
w w y
Ed
M0
h t f (90cm 2 3.5cm 2 3.0cm) 1.85cm 35.5kN / cm
N 2913kN 5056.98kN
γ 1.00
     
     
thus, no effect of the axial force is taken into account. Hence, the design plastic moment 
resistance is: 
3 2
pl,y y
pl,y,Rd Ed,y
M0
W f 12580cm 35.5kN / cm
M 446590kNcm M 196788kNcm
γ 1.00

      
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Figure 7-13: Internal forces for the load combination with the maximum bending moment at the 
transverse beams 
The maximum compressive axial force is computed also for Load Combination 4100, which is 
equal to NEd=1746kN. The maximum bending moment for the same Load Combination is 
MEd,y=631.0kNm, while the bending moment MEd,z is negligible (Figure 7-14). 
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Figure 7-14: Internal forces for the load combination with the maximum compressive axial force at the 
transverse beams 
Neglecting, conservatively, the stiffness of the slab of the composite beam, the non-
dimensional slenderness for the transverse beams is: 
2 2
y
2 4
AfL 1470cm 371.30cm 35.5kN / cm
λ 0.527
π ΕΙ π 21000kN / cm 494100cm

  

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and the reduction factor χ for buckling curve b is χ=0.871. Since the slab protects the 
transverse beams from lateral torsional buckling, χLT=1.00. Thus, the exploitation factor for 
this load combination is: 
y,Ed z,EdEd
b,Rd LT Rd Μ1
M MN 1746kN 63100kNcm
EF 0.18 1.00
N χ M / γ 0.871 91347.95kN 1.00 446590kNcm /1.10

     
 
 
7.6 Main Beams 
During the pooring of the concrete slab the bending moment at the main beams due to its 
weight and the weight of the slab is M=787.80kNm, while the tensile axial force is 1220kN. 
The internal forces of the main beams during construction are illustrated in Figure 7-15. 
 
Figure 7-15: Βending moments and axial forces at the main beams during construction 
Since the following criteria are satisfied: 
NEd=1220kN<0.25 Npl,Rd=3295.30kN 
w w y
Ed
M0
h t f
N 1220kN 5056.98kN
γ
    
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no effect of the axial force is taken into account for the cross section check. The design plastic 
moment resistance is: 
MRd,y=446590kNcm>MEd,y=78780kNcm 
The maximum bending moment of the main beams is smaller than the one developed at the 
transverse beams. Additionally, combined with the axial force, the upper (point t) and bottom 
(point b) stresses of the main beams during construction are shown in Figure 7-16. The 
central part of the beams is entirely under tension, while only the parts close to their 
connections with the arches present compressive stresses at the bottom flange. The length of 
the main beams under partially compressive stresses is rather small, lying between the edge 
and the shortest hanger. Hence, no lateral buckling check of the main beams during 
construction is deemed necessary. 
 
Figure 7-16: Upper and bottom stresses at the main beams during construction 
The maximum tensile axial force for the main beams laterally restrained due to the concrete 
slab is calculated for Load Combination 1100 and it is equal to NEd=4974kN. For the same 
combination the bending moment is MEd,y=1307kNm, while the bending moment MEd,z is 
negligible at the element with the maximum MEd,y (Figure 7-17). 
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Figure 7-17: Internal forces for the load combination with the maximum tensile axial force at the main 
beams 
Since the following criteria are not satisfied: 
NEd=4974kN>0.25 Npl,Rd=3295.30kN 
w w y
Ed
M0
h t f
N 4974kN 5056.98kN
γ
    
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the effect of the axial force must be taken into account. Hence, the reduced design plastic 
moment resistance due to the axial force is: 
N,y,Rd pl,y,Rd Ed,y
1 n 1 0.38
M M 446590kNcm 352720.8kNcm M 130700kNcm
1 0.5 a 1 0.5 0.43
 
    
   
 
where n=NEd/Npl,Rd=4953kN/13181.15kN=0.38 and 
2
f
2
A 2bt 371.3cm 2 30cm 3.5cm
a 0.43
A 371.3cm
   
   <0.50 
The maximum compressive axial force for the main beams laterally restrained is equal to 
NEd=2198kN under the Load Combination 4100 (neglecting the parts of the beams outside the 
arches), as shown in Figure 7-18. For the same combination the maximum bending moment is 
MEd,y=1566kNm, while MEd,z is negligible (Figure 7-19). 
 
Figure 7-18: Diagram of axial forces for the load combination with the maximum compressive axial force 
at the main beams 
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Figure 7-19: Diagrams of bending moments for the load combination with the maximum compressive 
axial force at the main beams 
In order to find the critical force Ncr for buckling of the main beams about their strong axis, 
ignoring conservatively the presence of the slab, the model of Figure 7-20 is used. The one 
end of the main beam is considered as pinned, while the other as roller. For a concentrated 
horizontal load equal to 1000kN, applied at the roller, the normal force of the main beam is 
presented in Figure 7-21. The mean value of the normal force along the arch is N=966kN. The 
first in plane buckling mode of the beam is shown in Figure 7-22 with buckling factor equal to 
35.35. Thus, the critical force of force Ncr in the main beams for in plane buckling is Ncr=35.35 
x 966kN = 34148.10kN. The out of plane buckling is not taken into account, since the main 
beams are laterally restrained by the slab. 
 
Figure 7-20: Model and load for buckling analysis of the main beams 
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Figure 7-21: Normal force of the main beam due to concentrated horizontal load at its end 
 
Figure 7-22: The first in plane buckling mode of the main beam 
The non-dimensional slenderness is calculated as: 
2 2
y
cr
Af 371.3cm 35.5kN / cm
λ 0.62
N 34148.10kN

    
The reduction factor χ for buckling curve b is equal to χ=0.827 and the design buckling 
resistance of the main beams is: 
2 2
y
b,Rd
Μ1
χAf 0.827 371.3cm 35.5kN / cm
N 9909.83kN
γ 1.10
 
    
According to the second method, presented in EN 1993 Part 1-1 [36], the interaction factor kyy 
is given as: 
Ed
yy my y
y Rd M1
N 2198kN
k C 1 (λ 0.2) 0.4 1 (0.62 0.2) 0.44
χ N / γ 9909.83kN
   
             
 
Since the slab protects the main beams from lateral torsional buckling, χLT=1.00. Thus, the 
exploitation factor for this load combination is: 
yy y,EdEd
b,Rd LT Rd M1
k MN 2198kN 0.44 156788kNcm
EF 0.39 1.00
N χ M / γ 9909.83kN 1.00 446590kNcm /1.10

     

 
For reasons of constructability of the connection of the transverse beams on the main ones, 
the same profile is used for both groups of beams, although the exploitation factor of the 
main beams is much smaller than 1. 
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8. PARAMETRIC ANALYSIS 
This chapter goes into further investigation of the parameters affecting the calculation of wind 
loads in bridges and controls some simplifications proposed by EN 1991 Part 1-4 [3]. 
8.1 Basic Wind Velocity 
8.1.1 The importance of the wind pressures in the design of the pier 
At first, it is essential to identify whether the wind pressures are critical for the design of the 
specific bridge under consideration compared to the seismic loads. In order to assess how 
wind influences the bridge with respect to the seismic load, a series of analyses are conducted 
for different heights of the piers and different wind velocities. The representative measure 
used for this investigation is the required longitudinal reinforcement at the base of the pier. 
The analysis assumes a Zone II terrain category, a ground acceleration of 0.24g, wind velocity 
33m/s without traffic and 23m/s with traffic. As seen in Figure 8-1 the required reinforcement 
for static loads, based on the results of the static load combinations 1100, 1200, 2100 and 
2200, is always equal to 53cm2, which is even below the minimum amount proposed by EN 
1998 Part 1 [31] (1% Apier=176.6cm
2). The required reinforcement for the pier under seismic 
load combinations 4000 and 4100 is always greater than the one required for static loads and 
it is increasing for higher piers but always below the maximum defined by the EN 1998 Part 1 
[31] (4% Apier=706.5cm
2). The design of the pier is based on EN 1992 Part 1-1 [41] and Part 
2 [42]. The process is repeated for the most unfavorable terrain category (Zone 0) but the 
results do not change for the static combinations. It is also repeated for the lowest seismic 
ground acceleration (0.16g) and for different heights for the pier (10m-30m) (Figure 8-1). 
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Figure 8-1: Required lognitudinal reinforcement of the pier for static and seismic load combinationss 
So, the wind does not determine the response of the bridge’s concrete pier. However, there is 
undoubtedly the need to discover in which extend the superstructure of the bridge is affected 
by the wind. 
8.1.2 Influence of the basic wind velocity on the applied wind pressures 
In order to measure the potential influence of wind pressures on this specific structure and 
considering the fact that the parameters described in sections 3.2.1 and 3.2.2 affect the mean 
wind velocity, the parametric analysis starts with an investigation of how the value of the 
basic wind velocity affects the applied forces. Based on the methodology proposed by EN 1991 
Part 1-4 [3] as described in chapter 3, the forces acting on each member of the bridge are 
calculated for different values of the basic wind velocity. The main assumptions for the 
analysis are presented in Table 8-1. Figure 8-2 shows the wind pressures on each of the 
different members of the bridge acting in the transverse direction, for a range of wind 
velocities between 10m/s and 40m/s. This range was selected due to the fact that the velocity 
of 10m/s is a usual value of the basic wind velocity encountered especially in European cities 
(see Figure 2-3) and the velocity of 40m/s is considered a logical upper boundary for Europe 
taking into account that for coastal countries like Greece the value proposed by the National 
Annex is 33m/s. 
Table 8-1: Assumptions for the parametric analysis of the influence of the basic wind velocity on the 
wind pressures 
Status Assumptions Parameters Values 
Constant Height of the pier H 10m 
Constant Terrain Category z0, zmin 0.05m, 2.00m (Category II, Table 3-1) 
Variable Basic wind velocity vb 10m/s – 40m/s 
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Figure 8-2: Wind pressures in the transverse direction for different values of the basic wind velocity 
As expected, Figure 8-2 shows that an increase of the wind velocity leads to an increase of 
the wind pressures acting on the different members, as the wind pressures are proportional to 
the square of the wind velocity. 
8.2 Terrain Roughness 
One of the parameters affecting the value of the mean wind velocity is the roughness factor. 
The roughness factor, as described in section 3.2.1, measures the influence of the roughness 
of the terrain on the mean wind velocity. Specifically, the flow over a rougher terrain is slower 
due to the surface friction and so, as the roughness length increases, the wind velocity 
decreases. Therefore, if the basic wind velocity is the same, at equal heights the mean wind 
velocities, over terrains of different roughness, are different [17]. EN 1991 Part 1-4 [3] defines 
five representative terrain categories in order to take into account usual cases of terrain 
roughness. These terrain categories, described in Table 3-1 are used in the assessment of the 
influence of the terrain roughness on the applied pressures (section 8.2.1) and on the 
response of the bridge (section 8.5.3). 
8.2.1 Influence of the terrain category on the applied wind pressures 
At first, the influence of the terrain roughness on the applied pressures is assessed by 
calculating them for the different terrain categories of Table 3-1. Table 8-2 contains the main 
assumptions made for the calculation of the wind pressures and Figure 8-3 – Figure 8-5 show 
how the wind pressures acting on each member are affected according to the different terrain 
categories described in Table 3-1. 
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Table 8-2: Assumptions for the parametric analysis of the influence of the terrain roughness on the 
calculation of the wind pressures 
Status Parameters Symbol Values 
Constant Basic Wind Velocity vb 23m/s 
Constant Height of the piers H 10m 
Variable Terrain Category - 0-IV 
 
Figure 8-3: Wind pressures in the longitudinal direction for various terrain categories 
 
Figure 8-4: Wind pressures in the longitudinal direction for various terrain categories 
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Figure 8-5: Wind pressures in the z - direction for various terrain categories 
In Figure 8-3 – Figure 8-5 it is easily observed that the value of the applied pressures is not 
the same for each member of the bridge. There are two reasons why this happens. First of all, 
most of the members of the bridge are in different heights and thus, the value of the mean 
wind velocity affecting them is different. Secondly, for the transverse and diagonal bracings or 
the arches and the hangers, whose reference height is the same, the difference of the applied 
pressures lies in the fact that their cross sections are taken into consideration in the 
calculation of both the end-effect factor ψλ (see section 3.3.7) and the force coefficient cf,0 
(see section 3.3.8). 
It is interesting to observe the influence of the terrain roughness on the applied pressures on 
the deck of the bridge. In Figure 8-3 – Figure 8-5, a slight difference in the slope of the 
pressures applied on the deck compared with the other members of the bridge is observed. 
This difference is due to the fact that the force coefficient in EN 1991 Part 1-4 [3] is 
considered constant for the deck (see section 3.3.4 – 3.3.5) and equal to 1.30 for the 
transverse and the longitudinal direction, while this coefficient takes the value of 0.90 for the z 
direction. For the other members of the bridge the force coefficient depends on the value of 
the Reynolds number (see Eq. (3-40)). Also, by examining Figure 8-3 – Figure 8-5 it is easily 
observed that the influence of the terrain roughness on the applied pressures is significant on 
all members of the bridge. Specifically, the wind pressures applied in the transverse direction, 
for a change of terrain roughness from category IV to category 0, are subjected to an average 
increase of 131%. However, as mentioned in section 2.3.1, above a certain height the mean 
wind velocity remains constant (see Figure 2-5). So, it would be interesting to run a sensitivity 
analysis on the average percentage change of the wind pressures due to the changes of the 
roughness factor for different heights. Figure 8-6 shows the average percentage increase of 
the wind pressures occurring for changes of the terrain category for various heights ranging 
from 10m to 40m. 
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Figure 8-6: Percetage increase of the applied pressures on the deck in the transverse direction 
Indeed, Figure 8-6 validates the theory that for greater heights the influence of the terrain 
roughness decreases. One interesting observation is that this decrease is more intense moving 
from 0 to IV Terrain Categories. This is due to fact that in open space areas (Terrain Category 
0) the gradient height (see section 2.3.2) is lower than that in cities (see Figure 2-5). 
8.3 Orography Factor 
As described in section 3.2.2, the orography factor is affected by the shape of the valley, its 
height, length and slope. In this section, the variation of the orography factor along the bridge 
is examined for different slopes and heights of the valley. 
8.3.1 Investigation of the value of the orography factor along the bridge 
In this section, the orography factor is calculated along the bridge for three different slopes of 
the valley according to Eqs. (3-6) – (3-13) presented in section 3.2.2. Figure 8-8 – Figure 8-10 
show the value of the orography factor on the deck of the bridge for a valley 5m to 40m high 
and for three different values of the slope of the valley. Something that requires attention is 
the fact that while the orography factor in Figure 8-8 is calculated for heights ranging from 5m 
to 40m, in Figure 8-9 it is calculated for heights ranging from 5m to 20m and in Figure 8-10 
for heights from 5m to 10m. This is due to the fact that in this specific example, the length of 
the bridge, and consequently the length of the valley, is considered constant. So, for an 
effective length Le=41.95m and a slope Φ=0.50 the maximum height is H=20.95 and for a 
slope Φ=0.33 the maximum height is H=13.98m (see Figure 8-7). 
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Figure 8-7: Shape of the valley for Φ=0.50 and Φ=0.33 
Figure 8-8 – Figure 8-10 show the variation of the orography factor along the bridge for 
different heights of the valley. 
 
Figure 8-8: Orography factor along the bridge for different heights of the valley and slope Φ=1.00 
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Figure 8-9: Orography factor along the bridge for different heights of the valley and slope Φ=0.50 
 
Figure 8-10: Orography factor along the bridge for different heights of the valley and slope Φ=0.33 
The influence of the orography is more intense for the part of the bridge which is over the 
escarpments as the respective values of the orography factor are always greater than 1.00 
there. In the first meters along the bridge, the orography factor reaches even values of 
c0,log=1.50-1.60. However, the value of the orography factor decreases quickly, especially for 
steep slopes. This is more clearly presented in Figure 8-11 which shows the orography factor 
for a valley 10m high for the three different values of the slope. If the calculation of the wind 
loads becomes extremely complex and this procedure is not operational, the calculation of a 
weighted average of the different values of the orography factor is proposed taking into 
account the length attributed to each value as shown in with the straight lines in Figure 8-11. 
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The same procedure was used in this thesis for the calculation of the wind loads in the 
longitudinal direction (see section 6.4). 
 
Figure 8-11: Orography factor along the bridge for different slopes for a 10m high valley, with bullets are 
the accurate values of the orography factor and with straight lines the avegare values 
8.3.2 Analytical calculation of the wind pressure on the deck of the bridge 
EN 1991 Part 1-4 [3] proposes a simplified method for the calculation of the forces acting on 
the deck of the bridge proposing that, if necessary, the longitudinal wind forces should be 
taken into account as equal to 25 % of the wind forces in the transverse direction for plated 
bridges, and 50% for truss bridges. In this section the accuracy of this simplification is 
assessed for different heights and wind velocities. Figure 8-12 compares the calculated wind 
pressures with the analytical and the simplified methodology. 
 
Figure 8-12: Comparison of the simplified and the analytical methodology for the calculation of the wind 
pressures on the deck at heights 10m and 30m 
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In both cases the methodology proposed by EN 1991 Part 1-4 [3] is more unfavorable than 
the analytical methodology for the calculation of the wind pressures in the longitudinal 
direction for various wind velocities and heights above the ground. Specifically, the applied 
pressures are increased by 20% on average for every combination of height and wind velocity 
and without taking into consideration the influence of the structural factor cscd, which in this 
analysis is conservatively chosen as equal to 1.00. 
8.4 Structural Factor cscd 
Apart from the roughness factor and the orography factor, wind pressures should be 
multiplied by the structural factor cscd consisting of the size factor and the dynamic factor. In 
order to assess more effectively the influence of the various parameters to the calculation of 
the structural factor, the size and the dynamic factor are examined separately. Figure 8-13 
shows the influence of the height of the deck on the calculation of the size factor. 
 
Figure 8-13: The influence of the height of the deck on the size factor 
It is noted that while the height of the deck increases so does the size factor. However, this 
increase is not significant as for an increase of height from 5m to 35m the respective increase 
of the size factor is only 10%. Since the main parameter affecting the dynamic factor is the 
value of the eigenfrequency, Figure 8-14 shows the different values of the eigenfrequency of 
the bridge for different heights of the piers. 
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Figure 8-14: The influence of the height of the pier on the eigenfrequency of the structure 
So, as the height of the pier increases, the structure’s eigenfrequency decreases. Furthermore, 
the values of the eigenfrequency which interests this analysis range from 0.50Hz to 0.70Hz. 
Figure 8-15 is used in order to highlight the influence of the eigenfrequency on the calculation 
of the dynamic factor cd for different wind velocities for the range 0.50-0.70 Hz. 
 
Figure 8-15: The influence of the eigenfrequency of the structure on the structural factor for different 
wind velocities for Terrain Category II 
It is proven that while the eigenfrequency of the structure increases, the dynamic factor 
decreases. Thus, as the height of the pier decreases, the bridge becomes stiffer and the 
dynamic effect of the wind becomes negligible. Furthermore, for larger values of the basic 
wind velocity, the value of the dynamic factor increases significantly (see Figure 8-15). 
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8.5 Influence of the wind characteristics to the response of the bridge 
8.5.1 Influence of the basic wind velocity to the response of the bridge 
In order to investigate the response of the bridge for these different values of the wind 
velocity two sets of parametric analyses are conducted. In the first set, the parameter under 
investigation is the value of the basic wind velocity and in the second set of analyses the 
parameter under investigation is the height of the pier. In this first set of analyses, the height 
of the pier is considered constant (H=10m) as well as the terrain category, and the orography 
factor. Table 8-3 contains the assumptions regarding the parameters taken into account. 
Figure 8-16 and Figure 8-17 present the increase of the maximum compression and tension 
force of the arches and main beams respectively due to the increase of the basic wind velocity 
for different terrain categories. Both for the arches and the main beams, the maximum value 
of the axial forces correspond to the load combination 1100. Figure 8-18 and Figure 8-19 
present the maximum compression force of the diagonal and transverse beams respectively. 
For the transverse bracings, the critical load combination is 4100 while for the diagonal 
bracings the critical load combination is 4000. 
Table 8-3: Assumptions for the parametric analysis of the influence of the basic wind velocity on the 
response of the bridge 
Status Parameters Symbol Values 
Constant Height of the pier H 10m 
Constant Terrain Category z0, zmin 0.05m, 2.00m (Category II, Table 3-1) 
Variable Basic wind velocity vb 10m/s – 40m/s 
 
Figure 8-16: Maximum compression force of arches for different wind velocities 
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Figure 8-17: Maximum tension force of main beams for different wind velocities 
 
Figure 8-18: Maximum compression force of the diagonal bracings for different wind velocities 
 
Figure 8-19: Maximum compression force of the transverse bracings for different wind velocities 
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It is noted that for an increase from 10m/s to 40m/s of the basic wind velocity, the 
compression force of the arches in the transverse direction is increased by 22% while the 
tension force of the main beams is increased by 13%. At the same time the maximum values 
of the compression forces of the transverse (Figure 8-19) and the diagonal bracings (Figure 
8-18) remain the same as they derive from the seismic combinations 4000 and 4100 
respectively and their value is not affected by the changes of the wind velocity. 
8.5.2 Influence of the height of the pier to the response of the bridge 
In the second set of analyses, the value of the basic wind velocity is kept constant and the 
height of the pier varies between 10m and 30m. Table 8-4 contains the parameters 
considered as input for the analysis. Figure 8-20 and Figure 8-21 show the increase of the 
maximum compression and tension force of the arches and main beams respectively for 
different heights. Both for the arches and the main beams, the maximum value of the axial 
forces correspond to the load combination 1100. It is noted that as the height of the piers 
increases from 10m to 30m, the compression force of the arches in the transverse direction 
increases by 2.2% while the tension force of the main beams is increased by 1.5%. These 
percentages are far lower than the ones observed in Figure 8-16, and Figure 8-17. This means 
that the value of the axial forces of these members is affected more by the value of the basic 
wind velocity rather than their reference height above the ground. 
Table 8-4: Assumptions for the parametric analysis of the influence of the height of the pier on the 
response of the bridge 
Status Parameters Symbol Values 
Constant Basic wind velocity vb 23m/s 
Constant Terrain Category z0, zmin 0.05m, 2.00m (Category II, Table 3-1) 
Variable Height H 10m-30m 
 
Figure 8-20: Maximum compression force of the arches for different heights of the pier 
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Figure 8-21: Maximum tention force of the main beams for different heights of the pier 
Figure 8-22 and Figure 8-23 show the maximum compression force of the diagonal and 
transverse beams observed for different heights. The maximum compression force of the 
transverse and the diagonal bracings reduces for an increase of the pier’s height as the static 
load combinations become primary for heights over 15m (see Figure 8-22 and Figure 8-23). 
This is due to the fact that the compression axial forces of the transverse and diagonal 
bracings applied for seismic load combinations (4000 and 4100) decrease significantly for an 
increase of the height of the piers and subsequently static load combinations become critical 
for these members (load combination 1100 for the transverse and diagonal bracings). At the 
same time, for heights above 15m, where the significant decrease is observed, the variations 
of the height do not affect the maximum compression force, which remains constant in the 
case of the transverse bracings (Figure 8-23) and increases slightly in the case of the diagonal 
bracings (Figure 8-22). This means that the decrease observed from 10m to 15m is solely the 
result of the decrease of the compression forces acting on the members due to the seismic 
loads and not the result of the increase of the compression forces due to the static load 
combination. Figure 8-24 and Figure 8-25 show the decrease of the axial force in the 
transverse and the diagonal bracings for heights 10m and 15m respectively. 
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Figure 8-22: Maximum compression force of the diagonal bracings for different heights of the pier 
 
Figure 8-23: Maximum compression force of the transverse bracings for different heights of the pier 
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(a)
 
(b) 
Figure 8-24: Maximum compression force of diagonal bracings for the seismic combination 4100 for (a) 
height 10m and (b) height 15m 
 
(a) 
(
b) 
Figure 8-25: Maximum compression force of transverse bracings for the seismic combination 4000 for (a) 
height 10m and (b) height 15m 
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8.5.3 Influence of the terrain roughness on the response of the bridge 
In order to identify the influence of the terrain roughness to the response of the bridge, a 
series of analyses are conducted by only changing the terrain category and the parameters 
affected. In these analyses the basic wind velocities proposed by EN 1991 Part 1-4 [3] are 
used and the structural factor is calculated for the different wind velocities and terrain 
categories. The values of these parameters are presented in Table 8-5. Figure 8-26 – Figure 
8-27 present the maximum compression force of the arches and the maximum tension force 
for the main beams for the different terrain categories. 
Table 8-5: Assumptions for the parametric analysis of the influence of the terrain roughness on the 
response of the bridge 
Status Parameters Symbol Values 
Constant Basic Wind Velocity vb 23m/s 
Constant Height of the piers H 10m 
Variable Terrain Category - 0-IV 
 
Figure 8-26: Compression force of the arches for different terrain categories 
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Figure 8-27: Tension force of the main beams for different terrain categories 
The results presented in Figure 8-26 and Figure 8-27 are due to the load combination 1100. 
On the bridge, for these two load combinations, apart from wind loads, traffic loads are also 
applied which means that the basic wind velocity used is vb=23m/s. The increase in wind 
pressures leads only to a minor increase of the critical internal forces. The maximum 
compression force of the arches increases by 5.7% and the maximum tension force of the 
main beams increases by 3.2% due to the Terrain Category. It is confirmed the conclusion of 
section 8.5.1 in which it is proven that for an increase of the basic wind velocity from 10m/s to 
30m/s the respective increase of the maximum compression force of the arches is 
approximately 11.8% and 6.9% for the main beams. 
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9. SUMMARY AND CONCLUSIONS 
9.1 Summary 
The calculation of wind loads for the structural design of a bridge is based on the provisions of 
EN 1991 Part 1-4.. However, this code is quite complex in its application, has significant 
limitations as well as several simplifications. For example, this code cannot be applied in cases 
of arch bridges and other bridges that are particularly sensitive to wind loads. It is thus 
important to analyze the parameters affecting the wind loads and to understand and 
parameterize the problem of the calculation of these loads in order to investigate the influence 
of each parameter separately as well as in combination with each other. 
Part of this thesis is an analytical application of EN 1991 Part 1-4 in a steel arch bridge. The 
bridge consists of two simply supported spans with theoretical length equal to 42.00m, each. 
The connection between the two spans is realized by a continuous reinforced concrete slab. 
The theoretical width of the deck is equal to 14.70m. The composite deck consists of two main 
beams and seventeen transverse beams. Each main beam is suspended by one arch with the 
use of hangers. The two arches of each span are interconnected with horizontal and diagonal 
bracing members. The height of the arches is equal to 10.00m. The main and transverse 
beams, the arches and the bracing members are made of structural steel. The pier consists of 
three circular reinforced concrete columns, which are connected at the top with a concrete 
beam. The abutments are considered as rigid due to their significant stiffness. 
In the present thesis, the wind parameters which determine the wind velocity, wind pressure 
and wind forces are presented in detail and explained. The necessary parameters for the 
analysis are properly chosen. These parameters include the wind velocity, the terrain 
roughness, the shape of the valley, the height of the pier and the structures’ cross sections. 
The dynamic and geometric characteristics of the bridge are determined and the structural 
factor of the bridge regarding wind loads is calculated. The response of the bridge and all 
safety limits set by Eurocode 1 for all static (self weight, permanent loads, traffic loads, 
thermal loads and wind loads) and dynamic (seismic) loads acting on the bridge are 
investigated. It is generally observed that the members most affected by static wind loads are 
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the arches and main beams. Nevertheless, their stresses do not exceed the permissible ones. 
Seismic loads mainly affect the pier and the transverse and diagonal bracings. 
Finally, a parametric analysis is conducted in order to investigate the influence of the basic 
assumptions made in the analysis on the calculation of loads and internal forces of the 
members of the bridge. Specifically, the parametric analysis refers to the effect of the basic 
wind velocity on the loads and response of the structure. The effects of the roughness factor 
on the results are also examined by conducting analyses for each terrain category as well as 
the effects of the orography factor by selecting different reference levels for the bridge and 
different slope of the valley. Finally, the influence of the structural factor amplifying the wind 
loads as well as the effect of the geometric and dynamic characteristics of the bridge are 
studied. 
The parametric analysis showed that the parameter that affects mostly the response of the 
bridge is the wind velocity, while the other parameters used for the calculation of the wind 
pressures on the structure affect mostly the wind loads and secondarily the response of the 
bridge. Specifically, the terrain category can lead up to a 55% increase of the wind loads, the 
orography factor up to a 16% increase and the structural factor can even lead to 100% 
increase. Due to the small value of the wind loads compared to the other loads applied on the 
bridge, its response is not affected significantly. 
This thesis is conducted within the research program EUROSTARS "BridgeCloud" entitled 
«Model-Based Aeroelastic Analysis of Long-Span Bridges on the HPC Cloud», which aims at 
developing a bridge-wind interaction virtual design lab that integrates semi-automatic 
modeling on a BIM basis with mesh generation, numerical wind-bridge interaction analysis and 
cloud computing power, providing for an easy-to-use sophisticated design tool to bridge 
design SMEs. 
9.2 Concluding remarks 
The main conclusions of this research regarding the parametric analyses of the wind induced 
forces taken into account for the design of the steel arch bridge are the following: 
 The application of EN 1991Part 1-4 in within the concept of this thesis showed that it 
has significant gaps when it comes to the calculation of wind loads. These gaps 
concern structures which in most cases are sensitive to wind loading such as arch and 
cable bridges. These cases could be part of the National Annex, however the Greek 
National Annex does not include such cases. 
 Despite the dynamic character of the wind loads, EN 1991 Part 1-4 proposes only a 
static analysis with increased value of wind forces relevant to the characteristics of the 
structure and the surroundings through the structural factor. However, this factor is 
also intended for use in typical structures and only in one direction and taking into 
account only one eigenfrequency of the structure. 
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 The simplification proposed by EN 1991 Part 1-4 which states that the forces acting on 
the deck in the longitudinal direction could be considered equal to 25% of the forces 
acting in the transverse direction is, in every case examined, unfavorable for the 
design of the bridge as this procedure leads to loads 120% greater than those 
calculated by the analytical method. 
 The members affected the most by the variations in wind loads are the arches and 
the main beams. However, even for these members the developed stresses are not 
affected significantly and the safety limits are not reached. So, this specific bridge, the 
superstructure is not significantly affected. 
 Analyses run on the piers showed that whichever the value of the wind loads, seismic 
load combinations are always critical when it comes to the response and the 
reinforcement of the pier.  
 The parametric analysis showed that the parameter affecting the most the response 
of the bridge is the value of the basic wind velocity. 
 The roughness factor and the orography factor, defined by the consideration of the 
surroundings, affect the mean wind velocity and the applied loads. However, their 
influence on the response of the bridge is moderate compared to the influence of the 
wind velocity. 
 The structural factor is affected by both the geometry of the structure and by its 
dynamic features. For the examined bridge, the values of the structural factor range 
from 0.84 to 1.47 for different heights, wind velocities and terrain categories. 
9.3 Further research 
As part of the research program EUROSTARS "BridgeCloud" future research could include a 
CFD analysis and a tunnel experiment of this specific bridge in order to assess the procedure 
proposed in EN 1991 Part 1-4 [3] and its suitability for structures outside the scope of this 
code. Also, the parametrization of the geometric features of the bridge such as the height of 
the arch or a different selection of cross section would probably lead to a methodology for the 
calculation of wind loads on arch bridges. Finally, another interesting subject for future 
research concerns the structural factor and how more eigenfrequencies, even in the 
longitudinal direction, could be taken into consideration. 
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